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FOREWORD 

High-energy  pulser  development  since  WW-II  has  evolved  into  two  separate  techno¬ 
logies.  The  first  technology  is  concerned  with  repetition-rate  pulse  modulators  for 
radars,  air  traffic  management,  lasers,  linear  accelerators,  countermeasures,  and  indus¬ 
trial  control.  The  second  technology  is  presently  concerned  with  high-energy  pulsed 
poorer  single-shot  machines  for  nuclear  effects  simulation  and  for  particle  acceleration 
and  fusion  power  generation  experiments. 

The  Pulse  Power  Modulator  Symposium  has  been  previously  concerned  with  the 
technology  of  repetition-rated  pulse  modulators,  including  power  conditioning,  switch¬ 
ing  and  auxilliary  devices  "subsystem  design,  novel  techniques,  and  systems  applications. 
At  this  past  Symposium  papers  from  both  technologies  were  presented.  The  sessions 
were  well  attended  by  representatives  of  both  communities.  Each  community  had  the 
opportunity  to  learn  from  each  others  experience.  However,  since  the  Symposium  is 
conducted  with  single  sessions  the  time  for  presentation  and  discussion  of  each  paper  is 
limited.  This  eliminates  in-depth  discussion  and  postpones  the  providing  of  this  informa¬ 
tion  until  the  Proceedings  are  issued.  Fortunately,  Palisades  Institute  issues  the  Proceed¬ 
ings  on  a  timely  basis  to  the  participants  and  thereby  lessens  the  problem. 

The  International  Pulsed  Power  Conference  will  be  held  in  1981  and  the  Fifteenth 
Pulse  Power  Modulator  Symposium  will  be  held  in  1982.  This  ensures  a  good  coverage 
of  both  technologies. 

The  theme  of  the  Fifteenth  Pulse  Power  Modulator  Symposium  will  be  limited  to  the 
basic  technology  of  repetition-rated  systems.  The  program  will  provide  more  time  for 
presentation  and  discussion:  The  program  committee  will,  therefore,  have  to  be  more 
discerning  in  their  selection  of  papers.  The  criteria  will  require  extended  abstracts  (500 
words)  to  judge  the  quality,  timeliness,  and  significance  of  the  research  and  development 
work.  The  committee  will  encourage  more  application  papers  on  the  latest  technological 
needs,  such  as  nanosecond  pulsers  for  millimeter-wave  systems.  If  appropriate,  they  will 
arrange  poster  sessions. 

We  wish  to  express  our  appreciation  to: 

Matt  Kuhn,  president,  IEEE  Electron  Devices  Society,  for  his  welcoming  remarks 
and  the  continuing  support  of  the  society; 

Ben  Leon,  vice-president,  IEEE,  for  being  quest  speaker  at  the  banquet; 

The  Advisory  Group  on  Electron  Devices  and  Palisades  Institute  personnel — 
Leonard  Klein,  Hildegarde  Hammond,  Joan  Gorman,  and  Jay  Morreale  for  their 
logistic  support; 

and  the  committee  members,  session  chairmen,  authors,  and  attendees  for  contri¬ 
buting  to  a  successful  symposium. 

The  officers  of  the  Fifteenth  Pulse  Power  Modulator  Symposium  Executive  Committee 
will  be: 

Chairman:  Ken  Baile,  Naval  Surface  Weapons  Center 

Honorary  Chairman:  Sol  Schneider,  Consultant 
Program  Co-Chairmen:  John  L.  Carter,  U.S.  Army  Electronics  &  Technology  Lab 
Ron  Pollard,  Naval  Surface  Weapons  Center 
Sol  Schneider, 

Symposium  Chairman 
John  E  Creed  on 
Program  Chairman 
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A  LOU  JITTER  SPARK  GAP  SWITCH  FOR  REPETITIVELT  PULSED  PARALLEL  CAPACITOR  BANKS* 

C.  J.  Rohwein 

Sandla  National  Laboratorlaa ,  Albuquerque,  Naw  Mazlco  S718S 


Abatraet 


lattar  approach  was  taken  In  developing  tha  two-section 
■park  gap  described  la  ehla  raport. 


A  two-sactlon  air  lnaulatad  (park  gap  haa  baan 
davalopad  for  (witching  aultl~kllojoule  plus-minus 
charged  parallel  capacitor  banka  which  operate  con¬ 
tinuously  at  pulaa  rates  up  to  20  ppa. 

The  (witch  oparataa  with  laaa  than  2  na  Jlttar, 
recovers  lta  dielectric  atrangth  within  2  to  5  aa  and 
haa  not  ahown  degraded  performance  In  sequential  teat 
run*  totaling  over  a  alllion  shots.  Ita  aatlaatad 
Ufa  with  copper  alectrodea  la  >  10'  ahota •  All  pre¬ 
liminary  taata  Indicate  that  the  awltch  la  auitabla 
for  contlnooua  running  aulti-kllo joule  aye ten* 
operating  to  at  laaat  20  ppa. 

Introduction 


Repetitively  pulsed  particle  accalaratora  era 
being  developed  at  Sandla  National  Laboratorlaa  for  a 
variety  of  fualon  research  applications.  Ona  type  of 
accelerator  Incorporates  a  low  voltage  parallel  capaci¬ 
tor  bank  and  a  voltage  (tap  up  pulse  transforaar 
instead  of  a  Mars  generator  to  charge  the  high  voltage 
pulse  foralng  line  of  the  accelerator.  Figure  1  la  a 
photograph  of  an  experimental,  transforaar  charging  sys¬ 
tem  which  devalops  1.5  MV  from  a  +  25  W  primary 
capacitor  bank  and  operates  at  a  pulaa  rata  up  to 
20  ppa. 


Fig.  1.  1.5  MV  repetitive  pulse  transformer  charging 

systea. 


One  of  the  components  In  tha  transforaar  charging 
ayataaa  that  has  required  a  significant  aaount  of 
development  effort  la  tha  primary  capacitor  bank  switch 
which  In  tena-of-kllo joule  aysteaa  must  carry  currant 
amplitudes  of  hundreds  of  Rllaaaps  and  withstand  both 
current  and  voltage  reversals.  The  only  type  of  switch 
presently  available  which  can  aeet  this  service 
requlraawrat  on  a  repetitive  basis  la  a  gas  Insulated 
spark  gap.  However,  when  the  total  current  exceeds  60 
to  80  kA  the  switch  current  aust  be  divided  Into  a 
number  of  channels  to  avoid  excessive  electrode 
erosion.  This  aay  be  aceoapllshed  with  a  single  switch 
If  rapeatabla  multi-channel  operation  can  be  assured. 
The  other  and  acre  practical  option  la  to  use  parallel 
single-channel  switches  slaultaneously  triggered.  The 


•This  work  was  supported  by  tha  U.S.  Dept,  of  Energy, 
under  Contract  DK-ACO4-76-0POO789. 


Tha  switch  shown  In  Fig.  2  has  two  Identical  two- 
slectrode  sections  with  ona  section  attached  directly 
to  the  high  voltage  terminal  of  each  capacitor.  The 
output  electrodes  of  the  two  sections  are  connected 
with  a  copper  strip  to  complete  the  circuit  between 
tha  capacitors.  A  capacitor  pair  with  Individual 
switches  thus  forms  a  single  aodule  of  a  capacitor 
bank,  Fig.  3.  Tha  switches  are  trigged  by  applying  a 
high  voltage  pulse  to  the  electrically  coaaou  output 
alactrodas  through  the  spark  plugs  In  the  housing. 


SIDE  VIEW 


Fig.  3.  Capacitor  pair  with  switch  attached. 


Both  switch  sections  are  cooled  by  a  combination 
of  air  and  water.  Coapressed  air  la  Injected  tangen¬ 
tially  at  supersonic  velocity  Into  the  switch  volume 
through  flat  profile  nosslas  In  the  cover  plate  to 
produce  a  high  spded  vortex  flow  pattern  In  the  plana 
of  tha  flat  electrodes.  Tha  Injected  air  provides 
rapid  aiming  and  cooling  of  plasas  debris  which  la 
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■uosequentlv  carried  away  through  the  center  azhauat 
port  in  the  cover  plats.  Water  circulated  around  the 
backs  of  both  electrodes  carries  away  heat  absorbed  by 
the  aaln  electrodes  and  prevents  heat  froa  being  con¬ 
ducted  into  the  capacitor  bushing  or  switch  housing. 

One  of  the  primary  motivations  in  developing  the 
two-section  switch  instead  of  a  more  conventional 
three-electrode  switch  was  that  the  switch  sections 
provide  DC  voltage  isolation  for  the  high  voltage 
capacitor  terminals.  No  exposed  high  voltage  collector 
plates  or  mounting  hardware  is  required  which  could 
lead  to  insulation  flashovar  during  the  DC  charge 
periods.  This  arrangement  permits  a  simplified  insula¬ 
tion  lay-up  around  the  capacitors  and  output  trans¬ 
mission  plates.  A  second  advantage  of  the  two-section 
switch  is  ease  of  maintenance.  A  switch  section  may 
be  opened,  removed,  or  replaced  in  a  matter  of  minutes. 
No  special  tools  or  gaging  procedures  are  required  to 
assemble  or  service  the  switch. 

Initial  development  was  carried  out  with  one 
switch  pair  on  a  1.2  kJ,  +  25  kV  system.  This  machine 
was  recently  expended  to  a  5  kJ,  ♦  30  kV  system  with 
three  perallel  switches  and  is  in  the  initial  stages 
of  testing.  It  is  shown  schematically  in  Fig.  A. 
Following  these  tests  a  50  kJ,  +  50  kV  capacitor  bank 
with  26  parallel  switches  will  be  constructed. 


If* 


Discussion 

Each  section  of  the  switch  has  two  10  cm  diameter 
flat  button  electrodes  which  hate  an  effective  switch¬ 
ing  area  of  approximately  70  cm  .  When  triggered 
with  a  voltage  pulse  rlalng  at  A  kV/ns  or  faster,  shot 
to  shot  breakdowns  occur  more  or  less  randomly  over 
the  electrode  surfaces  which  distributes  the  wear 
evenly.  Figure  3  Is  a  photograph  of  the  breakdown 
distribution  over  the  electrode  surfaces.  Although 
the  flat  electrodes  require  a  higher  trigger  voltage 
than  spherical  or  cylindrical  contours,  they  provide 
longer  shot  life  and  less  change  in  triggering  charac¬ 
teristics  over  the  life  of  the  switch.  The  rapid 
turbulent  mixing  associated  with  the  high  speed  rota¬ 
tional  air  flow  also  contributes  to  the  random  break¬ 
down  distribution  by  maintaining  a  constant  air  quality 
between  the  electrodes. 

To  produce  the  supersonic  vortex  in  the  switch 
volume  It  Is  necessary  to  supply  comprassad  air  to  the 
channel  in  the  switch  cover  at  over  twice  the  static 
operating  pressure  in  the  switch  volume.  Air  expanding 
through  the  noaslea  will  reach  sonic  velocity  in  the 
nossls  throats  and  supersonic  velocities  in  the  final 
expansion  stage.  Typically,  primary  air  is  supplied 
at  between  100  and  ISO  pslg  for  switch  operating  pres¬ 
sures  between  20  and  AS  pslg.  It  should  be  noted  that 
for  a  given  supply  pressure  (P()  the  nossles  maintain 


Fig.  S.  Switch  electrodes  showing  breakdown  distri¬ 
bution. 


a  constant  mass  rate  of  flow  through  the  switch  until 
the  absolute  pressure  In  the  switch  exceeds  0.S3  P 
absolute.  The  Internal  switch  pressure  must  therefore 
be  controlled  by  varying  the  back  pressure  In  the 
exhaust  line  which  In  this  esse  Is  accomplished  with  a 
throttling  valve. 

When  operated  in  the  1.2  kJ  system  with  +  25  kV 
charge  on  the  capacitor  bank,  the  peak  current  through 
che  switches  is  62  kA  and  the  total  charge  transfer 
per  shot  is  0.062  coulomb  which  Includes  s  single 
30  percent  current  reversal  In  the  discharge  eye lp. 

Based  upon  an  erosion  rata  for  copper  of  57  x  10~*  g/C 
measured  in  a  different  switch  operating  with  a  similar 
waveform,2  the  estimated  life  of  the  two-section 
switch  for  1  am  erosion  will  be  approximately  1.2  x  10' 
shots  using  copper  electrodes.  When  the  switches  are 
converted  to  tungsten  alloy  electrodes,  the  Ilfs  will 
probably  increase. 

The  triggering  range  of  the  switch  for  various 
conditions  is  shown  in  Fig.  6.  Note  that  the  dynamic 
self-break  (prefire)  curves  for  two  air  flow  rates 
lie  close  to  the  static  self  break  line  at  low  charge 
voltages  but  diverge  gradually  as  the  voltage 
increases.  The  points  plotted  represent  one  or  more 
prsflres  per  hundred  shots.  This  characteristic 
illustrates  the  dependence  on  effective  gas  scavenging  / 
in  preventing  prefires.  The  wadge  shaped  curves  In  i  i 
the  lower  right  part  of  the  graph  are  triggering  thres¬ 
hold  lines  for  three  trigger  voltages.  The  regions  to 
the  right  and  left  of  the  wedge  tips  represent  a 
transition  In  triggering  mode.  Everywhere  to  the  left 
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of  a  tip  and  below  the  self-break  curve  both  halves  of 
the  switch  breakdown  simultaneously  from  the  trigger 
pulse.  To  the  right  and  above  the  wedges,  Che  switch 
breaks  down  In  a  cascade  mode  where  one  section  breaks 
from  the  trigger  pulse  and  the  other  breaks  sub¬ 
sequently  from  the  total  charge  voltage  appearing 
across  the  second  gap.  The  regions  enclosed  by  the 
wedge  curves  are  no-flre  zones  where  only  one  gap 
fires  from  the  trigger  pulse  but  the  other  does  not 
breakdown  from  the  total  charge  voltage.  As  the 
trigger  voltage  la  raised  or  lowered,  the  no-flre  zone 
correspondingly  moves  to  the  right  and  left. 

Triagering 

With  the  flat  symmetrical  electrodes,  there  Is 
very  little  electric  field  enhancement  to  assist  the 
trigger  pulse  In  breaking  down  the  gaps.  Consequently, 
the  gaps  must  be  highly  over  volted  co  obcaln  reliable 
triggering  and  low  jitter.  The  problem  of  fast  trig¬ 
gering  Is  complicated  by  the  relatively  high  capaci¬ 
tance  Inherent  In  the  large-area  electrodes  which  is 
approalmetley  SO  pF  for  two  switch  sections.  It  was 
necessary,  therefore,  to  develop  a  special  trigger 
generator  for  the  switches. 

The  generator  shown  in  Fig.  7  la  small  oil-mylar 
Insulated  spiral  strip  transformer  with  a  gain  of 
slightly  over  10.  It  Is  equipped  with  an  8  nF  primary 
capacitor  and  a  spark  gap  switch  which  can  be  operated 
between  5  and  30  kV.  The  trigger  generator  therefore 
develops  voltages  up  to  300  kV  across  the  secondary 
winding  which  was  designed  with  a  shunt  capacitance  of 
approximately  60  pF.  Figure  8  Is  a  record  of  the 
unloaded  pulse  transformer  output.  The  transformer 
output  voltage  Is  Initially  held  off  by  a  pressurized 
peaking  gap.  Hear  maximum  voltage  the  gap  self  fires 
and  delivers  a  trigger  pulse  to  the  main  gaps  through 
matched  length  trigger  leads.  The  trigger  leads  con¬ 
nect  to  the  main  gaps  through  surface  discharge  spark 
plugs  Inserted  through  the  side  of  the  housing.  With 
the  base  of  the  spark  plug  connected  to  the  output 
electrode  of  the  main  gap,  the  plug  Is  forced  to 
breakdown  before  the  voltage  rises  on  the  main  gap. 

The  main  gaps  thereby  receive  U.V.  Illumination  simul¬ 
taneous  with  the  application  of  the  trigger  pulse.  A 
comparison  of  Figs.  9  and  10  shows  the  contribution 
of  prelonlzatlon  to  switch  triggering.  Without  Che 
plugs  Che  trigger  voltage  rises  approximately  20  kV 
higher  before  switch  breakdown  occurs. 

Since  the  charged  capacitance  of  the  secondary 
winding  of  the  trigger  transformer  discharges  Into  the 


Fig.  7.  Trigger  generate-. 


Fig.  8.  Trigger  generator  output,  unloaded. 
V  -  25  kV/div 
T  •  10  na/dlv 
Primary  voltage  15  kV 


Fig.  9.  Trigger  pulse  with  no  spark  prelonlzatlon  In 
main  gaps. 

V  •  20  kV/dlv 
T  •  10  na/dlv 

Bank  charge  voltage,  +  15  kV 


Fig.  10.  Ten  overlaid  trigger  pulses  with  spark  pre¬ 
lonlzatlon  In  mein  gaps. 

V  •  20  kV/dlv 
T  •  10  na/dlv 

Bank  charge  voltage,  +  15  kV 
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•witch  capacitance,  tna  trigger  pulse  has  tne  charac¬ 
teristic  shape  of  one  capacitor  charging  another 
through  a  series  inductance  which  is  given  by  the 
familiar  equation: 


V.w  <«> 


Vt*  Ctg 

eg  sw 


(1  -  cos  Wt) 


where 

vw  la  the  main  switch  trigger  voltage 
V  Is  the  voltage  of  the  secondary  capacitance  ot 
the  trigger  generator 

C(  and  C>w  ara  tha  trigger  generator  and  switch 
Capacitances,  respectively 
u>  ts  the  radian  frequency. 

The  main  switches  breakdown  during  the  rise  ot  the 
trigger  pulse,  typically  within  20  ns.  The  prlnelpel 
criteria,  however,  Is  that  the  rate  of  rise  be  4  kV/ns 
or  faster.  Figure  10  Is  a  record  of  the  trigger  volt¬ 
age  with  10  overlaid  traces.  The  top  trace  Is  the 
Initial  rise  of  current  in  the  capacitor  bank.  A 
series  of  tautlple  trace  measurements  taken  over  a 
voltage  range  of  +  5  to  25  k V  show  a  consistent  tine 
to  breakdown  ot  IS  to  20  ns.  The  time  Jitter  at  each 
voltage  step  waa  lass  than  the  trace  reaolutlon  of 
approximately  2  ns. 

Dielectric  Recovery  and  Switch  Prefire 


The  repetitive  pulaer  system  In  which  the  switches 
were  tested  had  no  lntarstage  switches  between  the 
modulator  section  and  tha  capacitor  bank.  Con¬ 
sequently,  there  waa  no  taro-voltage  or  grace  period 
between  shots  to  allow  the  switches  to  recover  their 
dielectric  strength.  To  avoid  pretires,  therefore, 
the  dielectric  recovery  race  had  to  exceed  the  recharge 
rate  on  the  bank  capacitors.  Tha  approxlmata  recovery 
characteristics  of  the  switch  ware  determined  by  vary¬ 
ing  tha  primary  charging  capacitors  and  Inductors  to 
control  tha  recharge  rate  and  tha  air  flow  In  the 
•witch  to  control  the  recovery  race. 

The  switches  recovered  reliably  to  +  25  kV  with  a 
recharge  period  of  2.1  ms  when  the  total~alr  flow 
through  the  switches  exceeded  36  scfm.  With  recharge 
periods  of  3  me  and  4  ns,  28  scfm  and  20  scfm  were 
required,  respectively,  for  reliable  switch  recovery. 
For  moat  routine  testing,  the  4  as  charge  period  was 
used.  Although  these  tests  Indicate  that  tha  com¬ 
pressed  air  demand  could  be  reduced  substantially 
below  20  scfm  with  a  50  to  100  as  recharge  period, 
additional  charging  Inductors  will  be  required  to 
verify  this  assumption. 


Conclusions 


The  two-section  spark  gap  has  demonstrated  low 
Jitter,  fast  dielectric  recovery  and  sufficient 
endurance  to  be  of  Interest  for  large  repetitively 
pulsed  capacitor  banks.  Application  to  a  50  kJ  system 
Is  planned.  Although  designed  for  10  to  20  pps  ser¬ 
vice,  It  could  be  adapted  with  minor  modifications  to 
systems  operating  up  to  at  least  100  pps. 
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Sunwary 

A  high-voltage  trigger  system  capable  of 
triggering  30,  2S0  kV  spark  gaps;  each  with  less 
than  ♦  1  ns  jitter  has  been  constructed.  In 
addition  to  low  Jitter  rates,  the  trigger  system 
must  be  capable  of 'delivering  the  high  voltage 
pulses  to  the  spark  gaps  either  simultaneously  or 
sequentially  as  determined  by  other  system 
requirements.  The  trigger  system  consists  of 
several  stages  of  pulse  amp) Iflcatlon  culminating  In 
160  kV  pulses  having  30  ns  risetlmes.  The  trigger 
system  Is  described  and  test  data  provided. 

Introduction 


The  Experimental  Test  Accelerator  (ETA)  Is  a 
S  MeV,  10  kA  linear  induction  accelerator.  The 
accelerator  has  a  five  pulse  burst  at  1  kHz 
capability  and  a  maximum  average  repetition  rate  of 
S  pps.  The  ETA  can  be  divided  Into  two  subsections; 
the  Injector  and  the  accelerator.  The  Injector  Is 
the  source  of  the  40  ns  electron  beam  and  provides 
the  first  2.5  HeV  of  accelerating  potential.  The 
accelerator  consists  of  ten  Induction  accelerating 
cells  spaced  along  the  beam line,  each  of  which 
Increases  the  beam  energy  by  an  additional  250  kV. 

The  source  of  the  accelerating  voltage  Is  a 
water  filled  10. 5H  Blumleln  charged  to. 250  kV.  The 
energy  stored  In  each  Blumleln  Is  delivered  to  the 
Induction  cells  by  triggering  the  Blumleln  spark  gap. 

Each  of  the  ten  Induction  units  (250  kV  each) 
within  the  Injector,  Is  driven  by  two  Blumlelns. 

All  the  Injector  spark  gaps  must  be  triggered 
simultaneously  with  a  Jitter  of  less  than  +  1  ns  In 
order  to  generate  the  proper  accelerating  waveforms 
and  potential. 

The  accelerating  voltage  must  be  present  across 
the  accelerator  Induction  units  when  the  electron 
beam  propagates  down  the  beam  tube  so  the  ten 
accelerator  spark  gaps  are  triggered  sequentially. 

The  Jitter  requirement  for  the  accelerator  spark 
gaps  are  the  same  as  the  Injector's. 

Trigger  Requirements 

Before  a  trigger  system  can  be  developed,  the 
characteristics  of  the  spark  gap  and  Its  associated 
coupling  and  bias  circuits  must  be  understood.  As 
seen  In  figure  1,  the  ETA  spark  gap  Is  a  coaxial 
switch  having  three  concentric  tantalise  electrodes 
which  are  the  anode,  trigger,  and  cathode.!  The 


FIGURE  1.  CROSS  SECTION  OF  ETA  SPARK  GAP 


trigger  electrode  Is  positioned  at  the  electric 
field  mid-potential  and  In  addition  Is  biased  to  the 
Blumleln  half  voltage  point  by  a  resistive  divider. 

In  the  spark  gap  trigger  circuit  schematic 
shown  In  Figure  2,  the  negative  trigger  pulse  Is 
capacltlvely  coupled  to  the  trigger  electrode.  The 
coupling  capacitor  ( ~100  pF)  and  the  stray 
capacitance  (-30  pF)  of  the  trigger  electrode  to 
the  anode  and  cathode  (ground)  form  a  voltage 
divider  which  couples  approximately  75*  of  the 
trigger  pulse  to  the  trigger  electrode. 

Testing  of  the  prototype  ETA  spark  gap 
established  a  set  of  trigger  parameters  which 
provided  satisfactory  triggering.  The  testing 
Indicated  a  minimum  trigger  poise  of  160  kV  (at  the 


•Lawrence  Livermore  National  Laboratory  Is  operated  by  the  University  of  California  for  the  Department  of 
Energy  under  Contract  No.  W- 7405 -Eng-48. 
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monitored  by  NSWC  under  Contract  No.  N60921-80-HR-M0188 
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FIGURE  2.  TRIGGER  CIRCUIT  FOR  ETA  SPARK  GAP 


drive  side  of  the  coupling  capacitor)  with  a  10-90* 
risetime  not  to  exceed  30  ns  Is  required.  These 
trigger  levels  are  for  a  Blumleln  charge  voltage  of 
250  kV;  less  trigger  voltage  Is  needed  at  smaller 
charge  levels.  A  gas  mixture  of  nitrogen  and  6-8* 
SFg  Is  used  In  all  spark  gap  jitter  measurements. 

The  maxlimxn  operating  gas  pressure  Is  120  psl  and 
the  gas  flow  rate  thru  the  spark  gap  Is 
approximately  5  an/ ms. 

Trigger  System 

Trigger  Blumleln 

The  number  of  triggers  needed  led  to  the 
concept  of  using  standard  ETA  water  Blumlelns  as 
trigger  sources.  The  risetime  of  the  Blumleln 
output  pulse  at  <  20  ns  10-90*  Is  adequate.  In 
addition,  the  low-  source  impedance  (10.5ft)  enables  a 
Single  Blumleln  to  drive  several  55S1  (nominal 
impedance)  cables  simultaneously.  The  limitation  to 
the  number  of  cables  that  may  be  driven  by  a  single 
Blumleln  Is  a  function  of  the  impressed  cable  drive 
voltage.  Since  the  Blumleln  output  risetime  is  less 
than  the  required  cable's  electrical  length,  voltage 
doubling  occurs  at  the  spark  gap  end  of  the  cable 
and  the  drive  voltage  need  be  only  about  80  kV. 

This  requires  an  attenuator  between  the  Bltaaleln  and 
trigger  cables  but  this  allows  the  number  of  trigger 
cables  to  Increase  since  the  overall  parallel  cable 
Impedance  can  be  (ess  than  10ft.  For  convenience 
and  versatility,  each  trigger  Blimleln  drives  ten 
trigger  cables.  This  arrangement  requires  two 
trigger  Blumlelns  for  the  Injector  and  one  for  the 
accelerator,  but  provides  the  flexibility  of 
Independent  control.  The  output  of  a  trigger 
Blumleln  and  the  corresponding  trigger  voltage  on 
the  spark  gap  side  of  the  coupling  capacitor  are 
shown  in  Figures  3a  and  3b  respectively.  The  10-90* 
risetime  of  both  signals  Is  <20  ns. 

Of  course,  the  trigger  Bltaelelns  also  require 
fast  low-jitter  triggers.  These  triggers  are  best 
provided  by  another  Blumleln.  This  81u»leln,  the 
master  trigger,  must  have  Its  output  attenuated  to 
match  Into  the  trigger  cables.  Jitter  In  the  master 
trigger  Blueleln  Is  not  as  critical  since  all 
machine  timing  sequences  are  Initiated  by  Its  output 
pulse,  however,  other  physics  constraints 
necessitate  a  consistent  master  trigger  pulse. 

Spark  6ap  Trigger  Transformer 

The  master  trigger  spark  gap  requires  a  trigger 
pulse  which  satisfies  the  trigger  parameters.  This 
trigger  pulse  Is  supplied  by  a  special  transformer. 
The  transformer  used  Is  built  on  the' same  principles 
as  the  Induction  accelerator  cells.  This  Is  an 
application  of  magnetic  Induction  (Faraday's  Law). 


FIGURE  3A.  TRIGGER  BLUMLEIN  OUTPUT 


FIGURE  3B.  TRIGGER  VOLTAGE  ON  SPARK  GAP 
SIDE  OF  COUPLING  CAPACITOR 


In  the  cross-section  of  the  transformer  as  seen  In 
Figure  4,  each  of  the  nine  ferrite  toroids  Is 
supported  In  a  metal  can  which  forms  a  single  turn 
around  the  ferrite.  When  driven  by  a  voltage  pulse 
the  resulting  flux  swing  In  the  ferrite  Induces  a 
voltage  into  the  metal  rod  In  the  center  of  the 
transformer.  In  this  manner  each  of  the  ferrite 
toroids  represents  a  1:1  transformer  and  the  output 
of  the  transformer  Is  simply  the  sue  of  the  voltages 
across  the  Individual  1:1  transformers.  The  result 
1$  a  9:1  step-up  transformer  having  a  risetime 
approximately  equal  to  the  risetime  of  the 
Individual  voltage  drives  to  the  transformer  Inputs. 

When  filled  with  transformer  oil  the  Internal 
dimensions  of  this  transformer  approximately  a  50ft 
Impedance  to  match  Into  the  drive  cable  and  minimize 
reflections.  The  drive  Impedance  to  each  of  the 
nine  sections  of  the  transformer  is  5.0ft 
(~50  ft/9).  The  drive  for  each  section  is  a  .0 ZfiF 
capacitor  switched  Into  the  drive  cables  with  a 
thyratron.  Both  the  capacitor  and  thyratron  ere 
built  Into  a  low  Inductance  housing  to  minimize 
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A. 


FIGURE  4.  CROSS  SECTION  OF 
SPARK  GAP  TRIGGER  TRANSFORMER 


risetime.  The  capacitor  Is  resonantly  charged. 

The  transformers  output  pulse  width  Is  primarily 
dependent  upon  the  available  volt-seconds  of  the 
ferrite.  The  ferrite  (Stackpole  70-B)  Is  chosen  to 
have  sufficient  cross-sectional  area  such  that  a  DC 
or  pulsed  reset  Is  not  required  to  ensure  the 
required  output  pulse  width.  Since  the  transformer 
drives  an  open  circuit  (spark  gap  coupling 
capacitor),  the  output  pulse  oscillates  and  thereby 
keeps  the  ferrite  from  remaining  in  saturation.  The 
transformer  output  pulse  Into  the  spark  gap  Is  shown 
In  the  oscillogram  In  Figure  5. 


FIGURE  S.  SPARK  GAP  TRIGGER 
TRANSFORMER  OUTPUT  (8  PULSES) 


A  simplified  schematic  of  the  overall  trigger  system 
Is  shown  In  Figure  6.  The  trigger  sequence  is 
started  just  prior  to  the  Blumlelns  being  fully 
charged.  A  low  level  trigger  signal  passes  through 
an  amplifier  which  In  turn  triggers  the  nine 
thyratrons  to  the  trigger  transformer.  The  trigger 
transformer  triggers  the  master  trigger  Blumleln 
spark  gap.  At  this  time  all  timing  control  Is  lost; 
all  further  spark  gap  trigger  pulses  are  automatic. 
The  cable  lengths  between  the  master  trigger,  the 
two  Injector  trigger  Blumlelns  and  the  accelerator 
trigger  Bltmlelns  determine  the  respective  timing 
between  Injector  and  accelerator.  Since  propagation 
delays  through  the  Bltmileins  and  spark  gaps  are 
constant,  cable  lengths  from  the  trigger  Blumleln 
are  varied  to  delay  trigger  pulse  arrival  times 
between  spark  gaps  on  the  accelrator  for  sequential 
triggering.  All  trigger  cables  from  Injector 
trigger  Blumlelns  to  Injector  spark  gaps  are  the 
same  length. 


ETA  SPARK  GAP  TRIGGER  SYSTEM 
Measurements  and  Results 


Measurements  of  spark  gap  jitter  are  made  on  two 
different  systems.  Initial  measurements  were  taken 
on  the  test  spark  which  Is  triggered  by  a  trigger 
transformer  having  a  risetime  of  only  100  ns.  Later 
measurements  are  recorded  from  the  trigger. 

Injector,  and  accelerator  spark  gaps  which  are 
triggered  by  the  faster  risetime  Blumleln  source. 

In  both  cases,  a  digital  time  Interval  counter 
having  a  time  resolution  of  0.1  ns  Is  used.  The 
time  Interval  counter  measurements  are  Initiated  by 
a  signal  taken  from  the  spark  gap  trigger  pulse  and 
terminated  by  the  attenuated  Blumleln  output  pulse. 
Propagation  delays  through  the  Blueleln  and  cables 
are  constant  so  the  jitter  1$  the  difference  between 
measurements.  For  large  numbers  of  measurements, 
the  jitter  Is  simply  the  deviation  around  the  mean. 

The  measurements  on  the  test  spark  gap  were 
extensive2.  The  parameters  varied  Included  spark 
gap  voltage,  trigger  pulse  amplitude,  gas  pressure 
and  gas  mixture.  Jitter  distributions  based  on 
approximately  one  hundred  measurements  were 
tabulated  and  plotted  for  each  operating  point. 

While  the  trigger  pulse  was  not  optimum,  these 
measurements  established  the  operating  conditions 
and  limits  of  the  spark  gap,  the  gas  system,  and  the 
trigger  system. 

Jitter  data  for  the  trigger.  Injector,  and 
accelerator  spark  gaps  Is  generated  while  the  ETA 
machine  Is  being  pulsed.  Jitter  measurements 
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recorded  for  the  trigger  Blumlelns,  Injector  and 
accelerator  spark  gaps  are  relative  to  the  master 
trigger.  A  minima  of  one  hundred  data  points  are 
recorded  for  a  given  operating  condition.  The 
Jitter  Information  Is  presented  In  two  formats  -  an 
actual  plotting  of  the  jitter  distribution  about  a 
normalized  mean  and  In  terms  of  the  standard 
deviation  around  the  mean. 

The  Jitter  data  for  one  of  the  Injector  trigger 
81umle1ns  Is  shown  In  Figure  7.  This  spark  gap 
operating  at  near  optimum  conditions  exhibited  a 
ojx8  of  0.85  ns  (one  standard  deviation).  The 
output  of  the  trigger  Blumleln  triggers  the  spark 
<gap  having,  the  jitter  distribution  shown  In  Figure 
8.  The  total  deviation  with  respect  to  the  master 


FIGURE  7.  JITTER  DATA  DISTRIBUTION  FOR 
INJECTOR  TRIGGER  BLUHLEIN  S.G. 


trigger  and  Including  the  Jitter  of  the  Injector 
trigger  Blumleln  Is  1.27  ns.  Using  the 
relationship  <j2Total  •  a*lT8  +  one 
standard  deviation  for  the  Injector  spark  gap  Is 
0.94  ns.  These  distributions  are  representative  of 
all  Injector  and  accelerator  spark  gaps  operating 
under  the  same  conditions. 

In  the  burst  mode  of  operation  jitter  data  Is  more 
difficult  to  obtain.  A  relative  measure  of  overall 
system  Jitter  Is  made  by  examining  an  overlay  of  the 

burst .pulses  Figure  9  Is  a  S  pulse  overlay  of  the 
sum  of  the  injector  accelerating  voltages. 


FIGURE  9.  FIVE  PULSE  BURST  OF 
SUfflED  INJECTOR  VOLTAGE 


Conclusion 

Ue  have  built  a  trigger  which  satisfies  the  spark 
gap  Jitter  requirements  for  ETA.  The  primary 
limitation  of  the  trigger  system  Is  the  rather 
narrow  window  of  operating  parameters  which  yield 
low-jitter.  The  limiting  factor  Is  the  trigger 
amplitude  which  must  be  less  than  160  kV  to  protect 
the  trigger  cable  and  connectors.  Modifications  to 
extend  the  operating  range  by  using  cables  and 
connectors  capable  of  operating  at  higher  trigger 
levels  are  In  progress. 


U.  Faltans,  L.  Reglnato,  R.  Hester.  A.  Chesterman, 
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THE  FXR  ONE-NANOSECOND- JITTER  SWITCH* 


H.  Bruce  McFarlane  and  Ronald  Klhara 
Lawrence  Livermore  National  Laboratory 


Summary 

A  switching  system  using  low-jitter  spark  gaps 
has  been  designed  for  a  20  MeV  Flash  X-Ray  (FXR) 
linear  Induction  accelerator  that  1$  being  built  at 
the  Lawrence  Livermore  National  Laboratory.  The 
accelerator,  which  Is  now  under  construction,  will 
consist  of  54  modules  connected  In  tandem.  Each 
module  will  contribute  to  to  400  keV  of  energy  to  the 
electron  beam  traversing  It. 

The  experimental  work  Included  a  test  of  one 

accelerator  module  designed  to  produce  400  keV.  Of 

particular  concern  was  the  thorough  characterization 
of  the  Blumleln  switch  In  terms  of  lifetime,  voltage 
hold  off  and  operating  pressure  range  to  produce 
minimal  Jitter  and  an  acceptably  low  prefire  rate. 

We  recorded  the  data  by  means  of  a  computer- 
based  data- acquisition  system  «4i1ch  was  set  up  for 

later,  automatic  data  reduction  and  display  of  the 

results.  Optimization  of  the  spark  gap  operating 
parameters  resulted  In  a  firing  jitter  of  less  than 
one  nanosecond  rms. 


Introduction 

Prototype  tests  of  the  FXR  20  Mev  linear 
Induction  accelerator  Included  a  test  of  one 
accelerator  module.  The  objectives  of  this  test  were 
to  subject  all  the  elements  of  the  typical  single 
accelerator  module  to  numerous  discharge  cycles.  We 
have  recently  completed  20,000  discharges  using  a 
coaxial  midplane  spark  gap  as  the  Blumleln  switch. 
It  Is  the  purpose  of  this  paper  to  report  the  results 
of  these  tests. 


Experimental  Setup 

The  one-module  test  stand  Is  shown  schematically 


•Work  performed  under  the  auspices  of  the  U.  S. 
Department  of  Energy  under  Contract  No.  W-7405-Eng. 
48. 


The  81umle1n  Is  charged  by  a  4-stage  Marx 

generator.  Each  stage  consists  of  an  80  nF 

capacitor.  The  four-stage,  20  nF  Marx  charges  the 

10-ohm,  water-dielectric  Blumleln  through  an  Inductor 
In  about  2  microseconds.  The  Blumleln  switch  short 
circuits  one  end  of  the  Blumleln  near  the  peak  of  Its 
charge.  The  trigger  line  Is  charged  to  the  proper 
midplane  voltage  through  a  tap  on  the  Marx  generator. 

The  comand  trigger  Is  split  to  send  an  ENABLE 
pulse  to  the  data  acquisition  system  (DAS),  trigger 
the  Marx  generator,  and  also  pass  through  a  cable 
time  delay  to  trigger  the  stage  II  gap  near  the  peak 
of  the  Blumleln  charge  cycle. 

The  output  from  the  stage  II  gap  supplies  the 

trigger  to  the  main  81umle1n  switch  and  also  sends  a 
START  pulse  to  the  DAS.  The  Blumleln  pulse  energizes 
the  accelerating  cavity.  At  the  cavity  a  capacitive 
voltage  divider  senses  the  signal  and  sends  It  as  the 
STOP  pulse  to  the  DAS.  The  time  between  the  STOP  and 
START  pulses  is  counted  as  the  relative  switching 
delay  In  the  Blumleln  switch.  By  analyzing  a  number 
of  pulses,  a  measure  of  the  time-jitter  In  the 
Blumleln  switch  Is  obtained. 


The  coaxial  midplane  spark  gap  switch  Is 
depicted  in  cross  section  in  Figure  2.  The  coaxial 
geometry  provides  low  Inductance  and  hence  a  short 
pulse  rise  time.  The  midplane  trigger  electrode 
provides  a  large  unbalance  In  electrode  voltage  and 
hence  a  short  arc-formation  time. 


Fig.  2  -  Cross  section  view  of  coaxial  midplane 
spark-gap  switch.  The  dashed  line  shows 
pattern  of  gas  flow  used  to  cool  gap. 


Jitter  and  Prtflro  Measurements 

We  constructed  curves  of  the  mister  of  no-fires, 
prefires,  and  acceptable  shots  for  selected  values  of 
voltage  at  different  operating  pressures.  In  both 
these  tests  and  the  jitter  tests  of  the  Blumleln 
switch,  we  charged  the  Blumleln  to  290  kV  by  charging 
the  Marx  generator  to  80  kV. 
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At  this  voltage  we  ran  several  runs  of  50  events 
each  at  pressures  ranging  from  320  kPa  to  730  kPa 
absolute.  No  no-fires  were  recorded  even  at  the 
highest  pressures.  As  the  pressure  was  lowered  we 
experienced  some  prefires.  Figure  3  Is  a  graph  of 
the  pressure  vs.  nutter  of  prefires  at  290  kV  on  the 
gap. 


Fig.  3  -  Percentage  of  normal  firings  of  main 
Blumleln  gap  vs.  gas  pressure.  Each  point 
resulted  from  50  firings  at  that  pressure. 
No  no-fires  were  detected,  even  at  highest 
operating  pressure. 


The  procedure  we  used  was  to  set  the  desired 
pressure  on  various  spark  gaps  (Marx,  Stage  II, 
Blumleln),  then  charge  and  discharge  the  system  at 
Intervals  of  3  seconds.  Suitable  gas  flows  were 
maintained  through  the  discharge  devices  to  sweep  out 
Ionization  products.  In  the  case  of  the  Blumleln 
switch  a  flow  of  0.5  litres/second  of  SFg  gas  was 
used  to  cool  the  electrodes.  Three  signals  are 
presented  to  the  data  acquisition  system  (Figure  4). 

s  m  OATS 


Fig.  *  -  The  data-acqulsltlon  system  (DAS).  By 
subtracting  the  count  of  channel  A  from 
that  of  channel  B,  we  obtained  the  relative 
firing  delay  of  the  main  Blumleln  gap. 

The  first  Is  an  ENABLE  signal  without  which  no 
further  data  will  be  recorded.  This  signal  comes 
from  our  comaand  trigger.  The  reason  for  setting  up 
the  recording  system  this  way  Is  to  preclude  any  data 
from  Marx  generator  prefires.  Occasionally  the  Marx 
prefired,  and  we  felt  that  the  data  was  then 
unreliable  since  the  Stage  II  gap  had  not  been 
triggered  properly.  The  ENABLE  signal  starts  a  5 fit 
gate  generator  that  drives  one-input  of  a  two-input 
AND  gate. 


The  Stage  II  gap  triggers  the  Blumleln  gap. 
Part  of  this  signal  is  also  sent  to  the  OAS  as  the 
START  Input.  The  STOP  signal  Is  derived  from  the 
cavity.  As  noted  earlier,  the  time  between  START  and 
STOP  signals  is  a  measure  of  the  time  the  main 
81ua1e1n  gap  takes  to  fire.  The  clocks  on  the  OAS 
are  started  by  the  START  or  STOP  signals,  whichever 
arrives  at  an  OR  gate  first.  The  clock  on  channel  A 
Is  stepped  by  a  delayed  START  signal  while  channel  B 
is  stopped  by  the  STOP  signal,  also  delayed. 

The  Information  from  each  clock  Is  recorded  in  a 
disc  file  with  an  event  nurtier.  A  series  of  events 
are  recorded  Into  the  file  with  a  unique  name  for 
later  correlation  with  experimental  conditions  noted 
In  the  log.  The  OATE.  TIME.  DEVICE  UNDER  TEST. 
PRESSURE,  and  VOLTAGE  are  recorded  in  the  file. 

Later  the  recorded  information  Is  processed  to 
produce  a  printed  record  showing  each  event  and  the 
delay  time.  If  channel  A  shows  a  large  nuad>er 
(overflow)  and  channel  B  Is  small,  a  prefire  Is 
presumed.  If  channel  B  registers  an  overflow  It  Is 
Indicative  of  a  no-fire.  The  printout  shows  the 
maximum  and  minimum  delay  times  recorded,  and  values 
for  the  MEAN  and  RMS  DEVIATION  (*-)  are  printed.  This 
latter  term  is  defined  as  follows: 


-  XI)*- 
n 

where  w  Is  the  rms  deviation 
T  is  the  sample  mean 
XI  Is  the  sa^>le  value 
n  Is  the  nuafcer  of  samples 

Data  from  the  disc  files  is  analyzed.  The 
difference  between  the  maximum  and  minimum  delay 
times  Is  divided  Into  time  slots  of  equal  length. 
The  nutter  of  events  having  delay  times  In  each  slot 
are  counted.  The  results  are  then  plotted  on  a  bar 
graph  such  as  Figure  5.  The  bar  graph  Is  an  easy  way 
to  see  if  there  are  any  gross  statistical  aberrations 
In  the  data. 


Fig.  5  Delay  histogram  of  typical  one-module  test 
run  of  500  events.  Maln-Blumlein-gap 
pressure  (SF«):  755  kPa  abs.,  gap 

voltage:  290  kV. 


He  ran  more  than  20,000  discharges  to  life  test 
the  Blumleln  switch.  Each  group  of  500  or  1000 
discharges  was  analyzed  to  see  If  any  of  the  gap 
statistics  were  changing.  He  made  a  plot  of  each 
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file  similar  to  the  above  and  also  printed  out  the 
data.  Our  data  shows  conclusively  that  the  rms 
deviation  from  the  mean  (jitter)  did  not  exceed 
1  ns.  Every  discharge  was  monitored  and  recorded. 
The  exaaple  shows  a  Jitter  of  0.58  ns. 

During  the  running  of  the  one-module  test,  we 
found  a  mj riser  of  design  features  that  could  be 
inproved.  We  made  these  changes  prior  to 
construction  of  the  four-module  test  stand.  One  of 
these  changes  was  to  replace  the  hollow  tantalum 
anode  of  the  81um1ein  gap  with  a  solid  anode  made  of 
Corrosion  Resisting  Steel  (CRES). 

We  also  used  a  more  reliable  and  faster-rising 
trigger  pulse  from  our  Stage  II  gap  on  the 
four-module  test  than  we  used  on  the  one-module 
test.  It  may  be  for  this  reason  that  the  delay 
statistics  recorded  from  the  first  of  the 
four-modules  show  a  Jitter  of  even  less  than  for  the 
one-module  test.  In  the  exaaple  of  Figure  6  the 
jitter  is  only  0.35  ns. 


Fig.  S  -  Delay  histogram  of  typical  four-module  test 
run  of  1000  events.  Gap  voltage:  300  kV, 
gap  pressure:  445  kPa  abs. 


Another  change  made  prior  to  the  four-module 
tests  was  the  reorientation  of  the  cavity  to  a 
symmetrical  lateral  feed  rather  than  from  the  top  and 
bottom.  This  change  eliminated  the  right-angle  bend 
and  also  shortened  the  water  transmission  line.  The 
new  configuration  Is  shown  In  Figure  7. 
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Fig.  7  Schematic  drawing  of  Blumlein  and  cavity 
used  on  four-tnodule  test  stand. 


The  shape  of  the  output  pulse  obtained  from  the 
four-module  test  (Figure  8)  Is  better  than  the  pulse 
from  the  single-module  test.  The  top  of  the  pulse  Is 
relatively  flat,  the  rise  time  Is  about  30  ns  (10%  - 
90%)  and  the  width  about  80  ns  (FWHN). 


Fig.  8  Cavity  voltage  on  four-module  test. 

Horizontal:  50  ns/div.,  vertical:  250 

kV/div. 


Conclusion 

The  electron  beam  of  the  FXR  linear  Induction 
accelerator  travels  at  near-relativistic  velocity 
through  a  series  of  54-pulse  modules.  Each  pulse 
must  coincide  with  the  arrival  time  of  the  beam. 
This  requires  timing  accuracy  of  1  nanosecond  or 
less.  We  have  tested  a  coaxial  midplane  spark  gap 
switch  and  have  shown  it  to  have  a  statistical  time 
Jitter  over  a  large  number  of  pulses  of  0.35  ns  rms. 
The  use  of  an  automatic  data  recording  and  reduction 
system  allowed  us  to  measure  each  pulse  that  was 
fired  and  to  reduce  the  data  to  statistical  bar 
graphs. 
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SWITCHING  SYSTEM  FOR  THE  FXR  ACCELERATOR* 

R.  0.  Scarpettl  !>  C.  0.  Parklson 
Lawrence  Livermore  Laboratory 
P.0.  Box  806,  L-153 
Livermore,  California  94550 
(415)  422-8502 


Sumary 

A  switching  system  has  been  designed  for  a  20 
MeV  flash  x-ray  linear  Induction  accelerator  which 
Is  being  built  at  Lawrence  Livermore  Laboratory. 

The  switching  system  fans  out  a  single  command  pulse 
and  amplifies  It  to  obtain  the  voltage  necessary  for 
reliable,  low- jitter  triggering  of  the  accelerator 
components.  This  system  consists  of  two  major  sub¬ 
systems:  (1)  the  Blumleln  Charging  Subsystem  which 
first  triggers  thirteen  Marx  generators,  and  then 
charges  54  water-filled  Blumlelns,  and  (2)  the 
Blumleln  Triggering  Subsystem  which  triggers  the 
already-charged  Blumlelns  to  produce  a  90  nano¬ 
second,  400  kV  pulse  In  each  of  54  ferrite- loaded 
accelerator  modules.  The  first  subsystem  consists 
of  charged  high  voltage  cabling  with  two  parallel 
switch  gaps  either  of  which  will  trigger  the  Marx 
generators.  The  major  components  of  the  second  sub¬ 
system  are  three  stages  of  switch  gaps  along  with 
the  necessary  high  voltage  cabling.  Two  parallel 
first  stage  switch  gaps  trigger  thirteen  second 
stage  gaps,  which  In  turn  trigger  54  third  stage 
Blumleln  switch  gaps  synchronous  with  the  passage  of 
the  electron  beam  pulse.  These  spark  gaps  are 
operated  at  a  voltage  of  150  to  350  kV  with  a  1/3 
hertz  repetition  rate.  Varying  the  cable  lengths 
creates  the  actual  delay  times  In  the  triggering  of 
each  component.  Redundancy  Is  built  Into  the  system 
to  Insure  the  high  reliability  which  Is  essential 
for  the  flash  radiography  application. 

Introduction 


Flash  X-Ray  (FXR)  Is  a  20  Mev,  2  KA  linear 
Induction  accelerator  composed  of  54  accelerating 
cavities.  Six  of  these  cavities  make  up  a  1.5  MeV 
electron  injector  and  the  remaining  46  cavities, 
arranged  In  four  module  sections,  each  accelerate 
the  electron  beam  380  kV.  The  accelerator  has  an 
overall  length  of  39  meters.  FXR  uses  thirteen  Marx 
generators  for  energy  storage  and  54  water-filled 
Blunlelns  as  pulse-forming  networks  to  supply  a  90 
ns,  380  kV  pulse  to  each  of  the  54  ferrite  loaded 
accelerating  cavities.  The  operating  sequence  Is  as 
follows.  Each  of  the  Marx  generators  charges  up  4 
cavity  Blumlelns.  When  the  Bluxlelns  are  at  peak 
charge  they  are  triggered  and  send  a  90  ns  300  kV 
pulse  to  the  accelerating  cavities.  A  mismatch 
between  the  Blianleln  and  cavity  results  In  a  90  ns 
380  kV  pulse  across  each  of  the  cavity  gaps  result¬ 
ing  In  an  overall  beam  energy  of  20  MeV. 

An  overview  of  the  FXR  accelerator  Is  given  by 
B.  Kulke1  and  specifics  are  given  by  G.  E.  Vogt  1  In 
and  R.  H.  Kuennlng2  and  H.  B.  MacFarlane  and 
R.  Klhara3  at  this  conference.  This  paper  will 
deal  with  the  means  by  which  each  of  the  accelerator 
components  are  triggered. 

The  purpose  of  the  Switching  System  is  to  first 
charge  and  then  trigger  each  accelerator  Blumleln  to 


produce  the  accelerating  voltage  across  each  accel¬ 
erator  module  gap  coincident  with  the  passing  of  the 
electron  beam.  Since  this  machine  will  be  used  for 
radiography  shots,  which  are  expensive  one-time 
shots.  It  Is  essential  that  the  accelerator  be  very 
reliable.  Therefore  the  Switching  System  Itself 
must  have  a  high  reliability. 

The  predicted  lifetime  of  this  accelerator  Is 
about  twenty  years.  Over  this  time  the  accelerator 
will  have  fired  several  million  shots.  (Most  of 
these  shots  will  be  for  machine  tuning  and  hardware 
checking,  and  a  small  percentage  will  actually  be 
radiography  shots).  Therefore  It  Is  necessary  for 
the  Switching  System  to  have  a  long  lifetime  (ap¬ 
proximately  millions  of  shots)  with  very  little 
down-time  for  periodic  maintenance  and  repairs. 
Another  requirement  Is  that  the  system  readily 
accept  machine  upgrades,  since  at  present  machine 
upgrades  are  expected  which  would  Increase  the  beam 
energy  from  20  MeV  to  as  much  as  50  MeV. 

The  Switching  System  Is  composed  of  two  major 
subsystems,  the  Blianleln  Charging  and  the  Blianlel n 
Triggering  Subsystems.  The  first  triggers  the  Marx 
generators  which  In  turn  charge  the  accelerator 
Blianlelns,  and  the  second  triggers  these  already 
charged  Blianlelns  (Fig.  1). 
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FIGURE  1 


The  81m1e1n  Trigger  Subsystem 

As  stated  earlier,  the  purpose  of  this  sub¬ 
system  Is  to  trigger  each  of  the  accelerator 
Blianlelns  at  the  proper  time  to  obtain  optlmua 
acceleration  of  the  electron  beam.  Optimum 


•work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the  Lawrence  Livermore  National 
Laboratory  under  contract  No.  W-7405-Eng-48. 
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acceleration  creates  a  beam  of  maximum  energy  with 
minium#  energy  spread. 

The  Trigger  Subsystem  can  be  broken  down  Into 
three  levels  or  stages.  The  purpose  of  each  stage 
Is  to  amplify  the  trigger  signal  of  the  previous 
stage.  Initially  a  single  one  kilovolt  trigger 
signal  Is  fed  Into  the  first  stage.  This  stage 
amplifies  the  signal  Into  thirteen  125  kV  trigger 
pulses.  These  thirteen  trigger  pulses  enter  the 
second  stage  and  are  further  ampl ifled  to  fifty-four 
150  kV  trigger  pulses.  The  signals  then  go  on  to 
trigger  each  of  the  fifty-four  81umle1ns  (Pig.  2). 
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FIGURE  2 


a.  Stage  1 

The  block  diagram  of  the  first  stage  of  the 
Trigger  Subsystem  Is  shown  In  Fig.  3.  The  first 
stage  consists  of  an  array  of  13  High  Voltage 
Cables,  two  spark  gaps,  and  the  output  from  two 
Marx  generators,  all  connected  at  a  common  point. 
These  two  Marx  generators,  or  trigger  Marxes,  are 
two-stage,  250  nf  devices.  They  are  modified  ver¬ 
sions  of  the  thirteen  Marx  generators  which  charge 
the  accelerator  Blumlelns.  Each  of  these  thirteen 
Marxes  is  a  five  stage,  75  kV  per  stage,  100  nf  Marx 
generator.  The  trigger  Marx  Is  a  single  five  stage 
Marx  split  Into  two  two-stage  trigger  Marxes,  (one 
complete  stage  Is  dropped),  each  having  Its  own 
charging  and  triggering  circuit.  The  capacitors, 
spark  gaps,  and  remaining  circuit  elements  of  the 
trigger  Marxes  are  Identical  to  those  of  the  five 
stage  Marxes,  minimizing  the  number  of  on-hand  spare 
parts  needed.  The  trigger  Marx  charging  supply  Is 
also  identical  to  the  charging  supplies  of  the 
accelerator  Marxes. 

The  spark  gaps  for  this  first  stage  are  Identi¬ 
cal  to  the  spark  gaps  that  will  be  used  to  trigger 
the  accelerator  Blualelns.  The  spark  gap  electrodes 
are  coaxial  with  the  trigger  electrode  located  mid¬ 
way  between  and  concentric  with  the  two  main  elect¬ 
rodes.  Past  testing  has  shown  that  this  type  of  gap 
has  an  Inductance  of  about  60  nanohenrys.  H.  8. 
McFarlane-3  has  completed  a  set  of  experiments  In 
the  gap  which  show  It  has  low  no-fire,  pre-fire 
characteristics  and  has  an  RMS  Jitter  of  less  than  1 
ns  when  operated  with  SF®  at  voltages  of  325  kV. 
Since  the  spark  gaps  on  the  switching  system  will 
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FIGURE  3 


be  operated  at  125  kV,  further  testing  at  this  lower 
voltage  is  necessary. 

A  -120  kV  pulse  with  a  10-90*  rise  time  of  10 
ns  or  less  will  trigger  these  spark  gaps.  This 
pulse  will  be  generated  by  a  four  stage  4.2  nf 
Marx.  A  three-stage  version  of  this  Marx  has  had 
extensive  use  at  the  Lawrence  Berkeley  Laboratory 
Electron  Ring  Accelerator*.  There  it  has  proven 
Itself  to  be  highly  reliable  with  a  tested  lifetime 
of  over  10  million  shots.  The  only  design  change  we 
will  make  will  be  adding  another  stage,  making  It  a 
four  stage  -30  kV/stage  unit. 

The  cable  array  will  be  high  voltage  cable 
rated  at  350  kV  dc.  This  cable  has  a  characteristic 
Impedance  of  67.6n,a  capacitance  of  23  pf/ft  and  a 
phase  velocity  of  .63  times  the  speed  of  light  In 
vacuum. 

The  cable  array  consists  of  thirteen  cables 
varying  In  length  from  30.2  to  48.2  meters.  The 
difference  In  length  between  each  of  the  thirteen 
cables  corresponds  to  the  electron  transit  time 
between  the  adjacent  four  cavity  sections  (Fig.  4). 


THE  TIME  IT  TAKES  fOk ?  THE  TRIGGER 
PULSE  TO  REACH  EACH  STAGE  $  GAP 
IS  DEPENDENT  UPON  THE  LENGTH  OF 
EACH  TRIGGER  CABLE. 

THE  DIFFERENCE  IN  LENGTH  BETWEEN 
EACH  CABLE  CORRESPONDS  TO  7HE  ELECT- 
EON  TRANSIT  TIME  BETWEEN  EACH  SECTION. 


FIGURE  4 


The  junction  where  the  trigger  cables,  trigger 
Marxes  and  Stage  I  gaps  com  together  is  called  the 
fanout  assembly.  The  trigger  cables  plug  Into  cera¬ 
mic  damping  resistors  which  are  attached  to  the 
center  conductor  of  the  fanout  assembly.  The  fanout 
assembly  Is  shown  In  fig.  5  and  is  71  an.  long  by  19 
cm  wide  by  20  cm  deep.  The  cables  are  arranged  In 
two  rows  of  eight.  (The  three  extra  connectors  are 
for  minor  upgrades  to  the  accelerator.)  Tha  two 
coaxial  spark  gaps  are  arranged  on  either  side  of 
the  fanout  housing  while  the  output  from  the  trigger 
Marxes  enter  from  the  bottom.  This  entire  assembly 
Is  mounted  on  top  of  an  oil  filled  tank  containing 
the  trigger  Marxes,  charging  Inductor  along  with  the 
rest  of  the  Stage  1  hardware. 
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FIGURE  6 


pf/ft  corresponding  to  a  total  capacitance  of  38.4 
nf.  Since  the  electron  transit  time  In  the  largest 
cable  (48.2  m)  Is  much  shorter  than  the  2ps  charging 
time,  the  cable  array  can  be  treated  as  a  single 
capacitor  of  38.4  nf.  Therefore  the  cable  charging 
circuit  can  be  represented  simply  by  a  Marx 
capacitance,  a  charging  Inductor,  and  a  lumped  cable 
capacitance  as  shown  In  Fig.  7.  This  figure  repre¬ 
sents  the  two  possible  conditions:  first.  If  only  a 
single  Marx  erected  and  second.  If  both  Marxes 
erected.  The  voltage  gain  on  the  trigger  cable  Is 
given  by: 


FIGURE  5 


When  the  Marx  generators  are  triggered,  they 
resonant-charge  the  cable  array  to  125  kV  In  2 
microseconds.  At  peak  charge,  the  two  spark  gaps 
are  triggered,  shorting  the  cable  array  to  ground, 
and  setting  up  a  -125  kV  traveling  wave  In  each  of 
the  13  cables.  Each  of  these  cables  Is  terminated 
In  a  100  pf  Isolation  capacitor.  Since  these 
capacitors  are  much  smaller  than  the  cable  capaci¬ 
tance,  the  -125  kV  trigger  pulse  effectively  sees  an 
open  circuit  and  Is  almost  enlrely  reflected.  The 
forward  traveling  wave  combined  with  the  reflected 
wave  results  In  a  >125  kV  pulse  which  Is  used  In  the 
second  stags  of  the  Trigger  Subsystem.  In  order  to 
minimize  the  ringing  In  the  cable  array,  IS  ohm 
resistors  will  be  placed  in  series  with  each  of  the 
cables.  This  design  was  modeled  by  computer  simula¬ 
tion  and  the  resulting  waveform  Is  shown  In  Fig.  6. 
Notice  that  there  Is  an  acceptable  voltage  reversal 
on  the  cable.  It  Is  believed  that  this  will  result 
In  an  Increase  In  the  average  cable's  lifetime.  The 
unwanted  effect  of  this  series  resistor  Is  that  It 
drops  the  amplitude  of  the  trigger  pulse  by 
Zo /(Zg  ♦  r),  where  r  Is  the  resistor  and  Zg  Is 
the  line  Impedance.  For  the  present  case  the 
trigger  pulse  Is  dropped  to  0.82  of  Its  Initial 
amplitude.  These  Inline  resistors  will  be  ceramic, 

6  Inches  long  and  1  Inch  In  diameter. 

In  order  to  resonant  charge  the  cable  array  in 
2  microseconds,  a  IS  microhenry  inductor  will  be 
placed  In  series  with  the  Mrx  and  cable  array.  The 
Marx  Itself  has  an  Inductance  of  about  2ph.  The 
cable  array  contains  1683  feet  of  cable  at  22.8 


2C„ 


C  +  C 
m  c 


(1) 


where  Cm  is  the  Marx  capacitance  and  Cc  Is  the 
cable  capacitance.  The  charging  time,  tc,  of  the 
cable  Is  given  by 


t,;  •  w>A.C  (2) 

where  L  Is  the  equivalent  charging  Inductance  and  C 
Is  the  equivalent  circuit  capacitance.  The  actual 
voltage  gain  and  cable  charging  time  will  depend  on 
whether  one  or  both  of  the  Marx  generators  erect. 
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FIGURE  7 
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The  reason  for  redundant  trigger  Marxes  Is  to 
ensure  that  the  cable  array  will  be  charged.  If  the 
cable  array  Is  not  charged  then  the  entire  accel¬ 
erator  will  not  function  leading  to  a  failure  of  the 
radlograpy  shot. 

It  can  be  shown  that  both  the  charging  times 
and  voltage  gains  are  relatively  Insensitive  to 
having  one  or  both  Marxes  erect.  (The  voltage  gain 
In  the  cable  array  varies  by  6*  dependent  on  whether 
one  or  both  Marxes  erect,  while  the  charging  time 
varies  by  less  than  IS.) 

Since  the  cable  array  Is  not  a  single  capaci¬ 
tor,  but  Is,  Instead,  a  set  of  thirteen  transmission 
lines  having  round  trip  transit  times  of  320  ns  to 
S10  ns.  As  a  result  the  voltage  waveform  will  be 
distorted  from  the  Ideal  (1-cos  at)  waveform  charac¬ 
teristic  of  a  resonant-charge  because  of  voltage 
reflections  at  the  cable  ends.  In  order  to  study 
this  distortion,  a  computer  code  was  used  to  model 
the  real  situation.  A  plot  of  the  charging  wave¬ 
forms  at  the  common  end  is  showi  In  Fig.  8.  From 
the  plot  you  can  see  that  there  are  only  minor  dis¬ 
tortions.  When  the  cable  array  Is  at  Its  peak 
charge,  the  two  coaxial  stage  I  spark  gaps  are 
triggered,  setting  up  a  traveling  wave  though  the 
cable  array.  A  16  ohm  resistor  is  put  In  series 
with  the  trigger  Marxes  In  order  to  critically  damp 
the  oscillations  set  up  a  a  result  of  the  stage  I 
gaps  firing.  Two  gaps  are  used  In  parallel  opera¬ 
tion  in  order  to  Increase  system  reliability. 
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The  switching  system  is  designed  to  function 
properly  If  either  of  these  gaps  trigger. 

b.  Stage  II 


The  diagram  for  the  second  stage  of  the  Trigger 
Subsystem  Is  shotei  In  Fig.  9.  This  stage  consists 
of  thirteen  spark  gaps.  A  set  of  four  trigger 
cables  are  attached  to  each  of  12  of  the  stage  II 
gaps.  Each  of  these  cables  Is  terminated  In  the 
trigger  circuit  of  She  81u*le1n  stage  III  spark 
gaps.  A  set  of  six  trigger  cables  is  attached  to 
the  thirteenth  spark  gap  and  Is  used  to  trigger  the 
Blunleln  spark  gaps  on  the  six  Injector  Blumlelns. 
The  stage  II  gaps  and  the  associated  trigger  cabling 
will  be  charged  from  a  tap-off  from  the  accelerator 
Marxes  which  charge  the  Blumlelns.  Therefore,  the 
trigger  cables  leading  to  the  stage  III  gaps  are 


charged  to  150  kV  as  the  Blumlelns  themselves  are 
being  charged  to  300  kV.  The  trigger  electrodes  of 
the  stage  II  gaps  are  located  at  the  midplane  and 
will  be  charged  to  75  kV.  A  capacitor  is  needed  In 
the  trigger  circuit  to  Isolate  the  trigger  electrode 
at  75  kV  from  the  stage  I  trigger  cable  at  125  kV. 
This  capacitor  will  be  100  pf  or  roughly  10  times 
the  capacitance  of  the  trigger  electrode  and  either 
main  electrode  of  the  stage  II  gaps.  A  trigger 
pulse  from  the  stage  I  cable  triggers  the  stage  II 
gap,  shorting  the  stage  II  cables  to  ground  and 
setting  up  a  -150  kV  traveling  wave  In  the  cable. 

The  wave  will  then  trigger  the  stage  III  gap  and 
fire  the  Blumlelns. 

BACH  TRIGGER  CARLOS  TERMINATE?  IH 
A  STAGE  2  SPARE  GAP  TRIGGER  CIRCUIT 
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Stage  III 


This  stage  Is  made  up  of  the  54  Blumleln  spark 
gaps.  The  Stage  II  trigger  cables  are  connected  to 
the  trigger  electrodes  of  the  gaps  through  a  resis¬ 
tor.  The  purpose  of  this  resistor  Is  to  minimize 
cable  ringing  In  the  Stage  III  triggering  cable. 


Order  of  Firing 


Varying  the  cable  lengths  to  each  gap  deter¬ 
mines  the  timing  of  the  triggering  of  each  Blumleln 
spark  gap.  After  the  stage  I  gap  Is  fired,  the 
trigger  pulse  reaches  each  of  the  stage  II  gaps  at 
the  appropriate  time  dependent  upon  the  cable  length 
and  sends  negative  trigger  pulse  to  each  of  the  54 
Blumleln  stage  III  gaps.  These  trigger  pulses 
reach  each  stage  III  gaps  at  different  times  again 
dependent  on  the  length  of  each  of  the  stage  III 
trigger  cables. 


The  Blumleln  Charging  Subsystem 


The  purpose  of  the  Blumleln  Charging  Subsystem 
Is  to  trigger  the  thirteen  accelerator  Marxes  so 
that  each  accelerator  Blumleln  Is  at  Its  peak  charge 
coincident  with  the  time  that  the  stage  III  gap  Is 
triggered.  The  charging  subsystem  Is  Identical  to 
the  first  stage  of  the  Blumleln  Trigger  Subsystem. 
Each  of  the  thirteen  trigger  cables  Is  terminated  In 
the  trigger  circuit  of  each  of  the  Marx  generators. 
Since  the  Marx  trigger  electrodes  are  maintained  at 
ground  potential,  a  100  pf  isolation  capacltator  Is 
placed  at  the  trigger  cable  termination. 
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The  overall  Switching  System  Is  shown  In  Fig. 

10. 
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FIGURE  10 


Conclusion 

The  FXR  accelerator  must  be  highly  reliable  If 
It  Is  to  be  a  successful  radiography  machine.  The 
Switching  System,  with  Its  redundant  systems,  should 


prove  to  be  very  reliable.  The  system  is  easily 
modified  for  accelerator  upgrades  by  adding  slmlllar 
subsystems  In  parallel  with  the  existing  systems. 

FXR  is  scheduled  for  completion  late  In  1981. 
The  building  and  testing  of  the  Switching  System 
will  begin  In  the  next  few  months. 
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Smaaary 

The  study  of  electrical  breakdown  in  small,  flow¬ 
ing  gas  spark  gaps  can  provide  data  on  the  time  to 
breakdown,  and  the  temporal  dependence  of  the  current, 
resistance,  power  dissipation  and  energy  loss  during 
the  first  few  nanoseconds  of  the  breakdown.  A  trans¬ 
mission  line  terminated  in  a  spark  gap  has  been  used 
in  these  studies.  The  finite  rise  time  of  the  voltage 
charging  the  transmission  line  prior  to  breakdown  of 
the  spark  gap  creates  problems  that  limit  the  range 
of  spark  gap  parameters  (especially  overvoltage)  for 
which  valid  data  can  be  obtained.  Two  methods  of 
easing  these  limitations  have  been  developed.  One 
is  a  modification  of  the  experimental  apparatus  to 
obtain  faster  rise  times;  the  other  a  data  processing 
technique.  Together  they  permit  the  experiment  to 
cover  a  broader  range  of  parameters  where  statistical 
times  of  the  spark  gap  are  as  shoTt  as  10ns. 

Introduction 

Measuring  the  time  dependent  resistance,  R(t) ,  of 
a  spark  gap  during  breakdown  provides  information  on 
the  power  losses  in  the  gap  (especially  important  in 
high  power  switches)  and  provides  some  clues  as  to 
how  breakdown  initiates  and  grows.  We  have  described 
work  in  determining  R(t)  in  various  gases,  u.2'  The 
range  of  overvoltage  applied  to  the  spark  gap  has  been 
restricted  because  of  the  difficulty  in  applying  the 
overvoltage  without  breakdown  occurring  during  the 
rising  edge. 


Figure  1 .  Original  apparatus  to  measure  R(t) . 


The  Experiment 

Figure  1  shows  the  original  experimental  appara¬ 
tus.  The  coaxial  transmission  line  is  terminated  in 
an  integral  spark  gap.  It  is  pulse  charged  by  a  high 
voltage  pulse  generator.  The  pulse  charge  clamp 
circuit  sharpens  the  leading  edge  of  the  charging 
pulse  by  clipping  the  voltage  amplitude  at  a  pre¬ 
determined  value.  Breakdown  of  the  spark  gap  changes 
the  line  termination  from  an  open  to  a  short.  The  time 
derivative  of  the  current  in  the  transmission  line  is 
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measured  using  a  small  B  (time  derivative  of  the  magne¬ 
tic  field)  probe  and  a  sampling  oscilloscope  and  is 
recorded  on  an  X-Y  plotter.  A  coaxial  transmission 
line  is  used  because  it  does  not  significantly  attenu¬ 
ate  or  radiate  microwave  frequencies  permitting  a  time 
resolution  of  SOps.  The  microwave  frequencies  involved 
mandate  the  use  of  a  sampling  oscilloscope  which  in 
turn  requires  a  highly  repeatable  signal . 


Figure  2.  Definition  of  statistical  and 
formative  time. 

The  idealized  voltage  on  the  spark  gap  as  a 
function  of  time  is  shown  in  Figure  2.  We  define  the 
mean  of  the  times  between  application  of  voltage  to  the 
spark  gap  and  breakdown  as  the  statistical  time  (ts) . 

It  is  also  known  as  observational  time  or  switch  delay 
by  others.  The  time  between  the  start  of  current 
through  the  gap  and  the  time  when  current  reaches  a 
constant  value  is  called  formative  time  (tf)  . 

The  times  to  breakdown  that  are  averaged  to  find 
the  statistical  time  are  not  fixed  and  in  fact,  do  have 
a  wide  range  of  values.  Formative  time  is  more  repeat- 
able  and  in  general  much  shorter  than  ts.  After  the 
transmission  line  is  charged,  and  breakdown  occurs, 
the  line  discharges  through  the  spark  gap.  The  current 
through  the  gap  is  determined  principally  by:  (1)  the 
voltage  to  which  the  line  was  initially  charged,  (2) 
the  characteristic  impedance  of  the  line,  (5)  the 
capacitance  of  the  spark  gap* and  (4)  the  changing  gap 
resistance  R(t) .  The  charge  voltage  and.B  are  measured. 
From  B  the  time  derivative  of  the  current  I(t)  and  I(t) 
can  be  calculated.  Since  the  other  parameters  are 
fixed,  R(t)  is  easily  calculated.  Other  probes  could 
be  substituted  for  the  B  probe  so  long  as  I(t)  is 
found . 

The  delay  line  in  the  signal  path  (Figure  1) 
allows  the  scope  trigger  circuits  to  be  activated  by 
the  time  the  signal  arrives.  The  coaxial  transmission 
line  has  been  used  for  some  time  3  while  the  sampling 
technique  is  relatively  new4.  The  gas  handling  system 
allows  the  gap  to  be  flushed  with  gas  between  each 
breakdown.  The  X-Y  plotter  driven  by  the  sampling 
scope  provides  a  large  scale  replica  of  the  breakdown 
signal  which  is  later  manually  digitized. 

Limitations 

Some  results  of  this  work  are  given  in  references 
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1  and  !.  The  experiment  is  limited  in  the  overvoltage 
that  can  be  applied  to  the  spark  gap.  The  problem 
encountered  is  illustrated  in  Figure  3  which  shows 
the  statistical  time,  ts,  as  a  function  of  electric 
field  in  the  gap  for  nitrogen. 


transmission  line  charged  to  two  different  voltages. 


Figure  S.  Effects  of  early  breakdown  on  sampled 
data. 


Figure  3.  Statistical  time  as  a  function  of 
spark  gap  electric  field. 


As  the  electric  field  decreases,  ts  becomes  long¬ 
er  and  asymptotically  approaches  the  static  breakdown 
field  (Es) .  For  the  small  nitrogen-filled  gap  used 
here,  Es  is  about  167kV/cm.  Small  gaps,  as  shown, 
typically  have  statistical  times  that  very  from  tens 
of  microseconds  to  nanoseconds  as  the  overvoltage  is 
increased.  The  measurement  of  formative  time  becomes 
more  difficult  as  statistical  time  becomes  less  than 
one  microsecond  with  the  original  system.  Some  time 
is  required  for  the  charging  pulse  to  charge  the  trans¬ 
mission  line  to  its  final  value.  With  the  high  volt¬ 
age  pulse  generator  and  clamping  circuit  used,  this 
rise  time  (tr)  is  1  to  2  us  deoending  on  the  final 
charging  voltage.  When  tr=t  breakdowns  frequently 
occur  on  the  leading  edge  o^the  voltage  pulse.  For 
the  gap  described  in  Figure  3,  overvoltages  were  lim¬ 
ited  to  E<2E  .  This  is  a  severe  limitation  since 
spark  gap  switches  are  generally  highly  overvolted . 


Figure  4.  Early  breakdown  of  spark  gap 
compared  to  normal  breakdown. 


The  normal  current  flows  when  the  line  is  charged  to 
the  value  set  by  the  pulse  charge  clamping  circuit; 
the  lower  current  results  when  early  breakdown  occurs. 
Thus  early  breakdown  causes  current  ampl itude  jitter. 
Fourteen  sample  points  are  represented  by  circles. 

If  the  repetitively  charged  spark  gap  breaks  down 
normally  six  times,  once  at  some  early  time,  and  seven 
times  more  at  the  usual  voltage,  the  samples  shown 
would  be  obtained.  The  output  of  the  sampling  scope 
would  be  as  shown  in  Figure  SB.  In  the  actual  experi¬ 
ment,  sampling  is  much  more  frequent  but  the  results 
are  comparable  for  the  same  ratio  f-103)  of  early 
breakdown.  Also,  since  the  ratio  of  early  breakdowns 
is  determined  by  the  nearness  of  ts  to  tr,  changing 
the  number  or  density  of  samples  taken  does  effect 
the  results,  but  does  not  eliminate  the  error. 

If  the  time  interval  between  samples  is  short (and 
many  samples  are  taken) ,  early  breakdowns  will  have 
occurred  in  almost  every  region  on  the  composite  curve. 
The  result  is  a  blur  or  a  very  noisy  waveform.  As 
the  sample  interval  is  increased  Figure  5B  is 
approached . 


Improvements 

The  most  straightforward  way  of  reducing  early 
breakdowns  is  to  reduce  the  rise  time  of  the  voltage 
applied  to  the  gap.  As  tr  becomes  smaller  compared 
to  ts,  the  probability  of  early  breakdown  becomes  more 
remote.  The  tr,  typically  lu* .provided  by  the  high 
voltage  pulse  generator  and  clamping  circuit  can  be 
shortened.  A  goal  of  having  tr<10ns  was  set  after 
some  preliminary  experimentation  showed  (see  Figure  3) 
how  strongly  t*  was  dependent  on  overvoltage.  The 
form  of  this  dependence  is  also  of  interest .( 5 .5)  A 
second  approach  is  to  gather  and  process  the  data  so 
as  to  minimize  the  effects  of  a  few  early  breakdowns 
that  statistically  do  occur.  To  do  this  the  sampling 
scope  was  modified  to  be  computer  controlled. 


Two  voltage  pulses  applied  to  the  spark  gap  are 
shown  in  Figure  4  which  stresses  the  rise  time  of  the 
pulse.  One  pulse  reaches  a  maximum  value  and  holds 
that  voltage  on  the  gap  until  breakdown  occurs.  After 
the  second  pulse  exceeds  the  static  breakdown  voltage 
(Vs)  and  before  final  amplitude  is  reached,  the 
gap  prematurely  breaks  down.  Early  breakdown  can 
always  occur  but  is  rare  if  ts»tT. 

The  effects  of  early  breakdown  are  unusually 
harsh  in  this  experiment  because  a  sampling  scope  is 
used,  The  voltage  to  which  the  transmission  line 
is  charged  when  breakdown  takes  place  is  directly 
proport ioiml  to  the  current  that  flows.  Figure  5  A 
shows  two  current  waveforms  that  would  flow  in  a 


Decreasing  Rise  Time 

The  strong  dependence  of  ts  on  overvoltage  means 
that  a  rise  tine  of  10ns  or  less  is  needed  to  signi¬ 
ficantly  increase  the  experiment's  range.  A  peaking 
spark  gap  is  a  traditional  method  of  decreasing  rise 
tine  and  is  fairly  easy  to  implement.  The  voltage  rise 
on  the  peaking  spark  gap  must  be  considered  so  the 
problems  described  do  not  now  fall  on  the  peaking  gap. 

A  hydrogen  thyretron  is  therefore  used  as  a  switch  to  { 
apply  voltage  to  the  peaking  gap  with  about  100ns  rise 
time.  This  apparatus  is  illustrated  in  Figure  6. 


'* 


Figure  6.  System  to  reduce  risetime 


Figure  7 .  Reducing  effect  of  early  breakdown  by 
averaging  many  waveforms . 


A  pulse  forming  network  (PFN),  charged  by  a  regulated 
high  voltage  power  supply,  is  discharged  into  a  sec¬ 
tion  of  RG-17  (nowRG-218)  coaxial  cable.  This  three- 
meter  cable  section  is  connected  to  a  one-meter  sec¬ 
tion  by  a  peaking  spark  gap.  The  one-meter  section 
of  cable  is  connected  through  the  test  spark  gap  to 
a  third  piece  of  RG  -1 7  which  is  terminated  in  its 
characteristic  impedance  (SOfl) .  The  thyratron 
launches  a  voltage  pulse  with  a  rise  time  of  less 
than  100ns  into  the  first  section  of  cable.  The 
spacing  and  pressure  of  the  peaking  spark  gap  is  set 
so  that  the  gap's  t?  is  much  greater  than  the  100-ns 
tT.  (Essentially  the  overvoltage  on  this  gap  is  made 
small)  .  Breakdown  of  the  peaking  gap  launches  a 
voltage  pulse  into  the  middle  section  of  RG-17.  The 
rise  time  of  this  pulse  is  the  formative  time  for 
breakdown  in  the  peaking  gap  and  is  less  than  Ins . 

Embedding  both  the  peaking  spark  gap  and  the 
test  spark  gap  in  the  coaxial  line  provides  the 
microwave  frequency  response  needed  to  maintain  the 
fast  rise  time.  Using  a  large  cable  (diameter  >22.1 
am)  provided  space  to  hold-off  voltage  when  the 
dielectric  was  r'.moved  at  the  spark  gap  electrodes. 

Data  Processing 

Regardless  of  how  fast  the  risetime  of  the  charg¬ 
ing  pulse  is  .there  is  a  statistical  probability  that 
the  spark  gap  will  breakdown  early.  If  tr<<ts ,  the 
probability  of  early  breakdown  is  small,  but  generally 
not  insignificant.  Therefore  each  set  of  sampled 
values  will  likely  contain  some  spurious  points. 

Figure  7A  shows  the  current  through  the  spark  gap  as  a 
function  of  time  for  three  breakdowns .  The  current 
waveforms  are  superimposed  so  the  sample  times  and 
values  can  be  compared.  The  effect  of  the  one  early 
breakdown  is  shown.  If  several  values  are  averaged 
at  each  sample  time,  the  effects  of  a  relatively  few 
early  breakdowns  can  be  significantly  reduced 
(Figure  7B)  . 

Since  a  greater  number  of  breakdowns  now  need  to 
be  observed,  a  greater  number  of  early  breakdowns 
will  be  seen.  The  effect  of  an  early  breakdown  is, 
however,  less  severe  at  any  single  time  position. 
Effectively,  the  error  has  been  spread  over  the  entire 
waveform.  Since  the  shape  of  the  waveform  is  more 
important  than  the  small  amplitude  error  introduced 
to  all  points,  a  more  accurate  I(t)  is  obtained.  Noise 
in  the  measurement  system  covers  the  slight  ripple 
introduced.  The  number  of  data  Samples  averaged  at 
each  sample  time  depends  on  the  ratio  of  early 
breakdowns  to  all  breakdowns.  If  1  in  10  breakdowns 
is  early,  then  10  should  be  averaged  to  sufficiently 
minimize  the  error .  The  ratio  of  early  to  normal 


breakdowns  is  related  to  how  close  ts  is  to  tr  but 
the  functional  dependence  is  not  known. 
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Figure  8.  Microcomputer  control  of 
sampling  oscilloscope. 


To  implement  this  averaging  scheme  a  microcom¬ 
puter  is  used  to  control  the  sampling  scope.  (Figure 
8) .  The  computer  determines  the  sample  time  for 
each  datum  and  finds  the  arithmetic  average  of  the 
data  at  this  time  position.  Sample  time  is  simply 
the  time  between  the  triggering  of  the  scope  and  the 
time  the  input  signal  is  sampled.  It  can  also  be 
thought  of  as  the  horizontal  position,  on  the  scope 
face,  of  the  sampled  signal.  By  controlling  the 
sample  time  the  computer  can  collect  several  samples 
at  each  point  on  the  wavefotm.  The  number  of 
samples  collected  is  controlled  by  inputs  to  the 
computer.  Preliminary  work  indicates  an  average 
of  about  10  breakdowns  at  each  time  position  reduces 
errors  to  the  system  noise  level .  The  scope  trigger¬ 
ed  signal  is  used  by  the  computer  to  determine  when 
a  sample  has  been  taken. 

Since  noise  about  the  trigger  point  makes  precise 
overlaying  impossible,  the  scheme  of  averaging  the 
data  as  the  waveform  is  being  generated  is  more 
accurate  than  overlaying  and  averaging  several  wave¬ 
forms  generated  from  the  sampled  data.  Effectively, 
a  new  source  of  error  is  introduced  by  the  overlay¬ 
ing  procedure. 

The  microcomputer  and  the  cassette  system  used 
to  record  data  have  additional  benefits.  The  on¬ 
line  analog -to -digital  conversion  is  more  precise 
than  the  previously  used  manual  system  and  all  data, 
gas  species  pressure,  etc.  can  be  recorded  on  the 
tape.  Since  the  coerputer ,  for  a  given  time  resolu¬ 
tion  and  number' of  samples  to  be  averaged,  always 
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requires  the  sane  nunber  of  breakdowns,  the  test 
runs  are  far  more  uniform. 


Figure  9.  Experimental  equipment  overview. 


Revised  Experiment 


The  overview  shown  in  Figure  9  incorporates 
changes  in  three  major  areas:  the  pulse  charging 
system,  the  transmission  line  and  test  spark  gap, 
and  the  data  collection  system.  The  rise  time  of 
the  voltage  applied  to  the  test  spark  gap  has  been 
reduced  three  orders  of  magnitude,  from  over  lus  to 
less  than  Ins.  A  two-step  process  using  first  a 
thyratron  and  a  peaking  spark  gap  accomplishes  this. 

The  faster  rise  time  accentuates  some  problems. 
Because  the  formative  time  of  the  peaking  gap  is  the 
leading  edge  of  the  voltage,  the  leading  edge  has 
apv- oximately  the  same  waveform  as  the  expected 
signal.  Care  must  be  taken  to  separate  the  two. 

This  is  the  principal  reason  for  changing  from  a 
spark  gap  that  shorts  the  transmission  line  to  one 
that  connects  it  to  an  additional  section  of  trans¬ 
mission  line.  The  signal  pTobes  are  thus  isolated 
from  the  charging  voltage.  The  capacitance  of  the 
test  spark  gap  passes  some  current  before  breakdown 
but  it  is  small  compared  to  the  current  after 
breakdown . 

Three  types  of  measurements  are  used:  B  probes, 
capacitive  divider  probes,  and  the  attenuated  trans¬ 
mitted  signal.  The  B  probes  must  be  very  small  to 
have  the  required  frequency  response  and  they  are 
difficult  to  calibrate.  For  these  reasons  capacitive 
divider  probes  are  built  into  loth  the  peaking  spark 
gap  and  the  test  spark  gap  to  supplement  the  informa¬ 
tion  from  the  B  probes.  As  mentioned  above,  the 
final  section  of  transmission  line  is  terminated  in 
its  characteristic  impedance,  but  voltage  across  the 
load  can  still  be  measured  by  using  50(1  attenuators. 


The  introduction  of  a  microcomputer  allows  better 
control  of  the  sampling  scope  as  described  above  and 
is  a  data  logging  system.  Aging  of  the  spark  gap  has 
a  marked  effect  on  its  characteristics.  The  computer 
allows  test  runs  to  be  precisely  repeatable,  down  to 
the  number  of  breakdowns  observed.  The  effects  of 
aging  are  thus  much  easier  to  ascertain. 

The  gas  handling  system  and  data  flow  have  been 
changed  only  slightly.  Gas  must  now  be  supplied  to 
two  spark  gaps  at  independant  pressures  and  flow  rates 
Different  gas  species  will  also  be  used,  with  dry 
air  normally  in  the  peaking  gap. 

Data  flow  is  simplified  since  the  manual  digit¬ 
izing  of  data  is  now  done  by  the  analog-to-digital 
converters  in  the  microcomputer.  Using  magnetic 
tape  in  cassette  form  to  store  data  is  very  conven¬ 
ient  and  should  reduce  transcription  errors.  The 
data  on  the  cassettes  is  entered  into  a  PDP-11/4S 
for  further  processing.  A  fast  Fourier  transform  is 
used  to  compensate  for  the  frequency  dependence  of 
the  attenuation  found  throughout  the  system.  The 
signal  waveform  at  the  test  spark  gap  can  thus  be 
reconstructed.  From  this  data  the  current  in  the 
transmission  line  is  found  and  finally  R(t)  calcu¬ 
lated.  Thm  time  resolved  power  and  energy  losses 
are  then  directly  available. 
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Summary 

Operation  of  a  pressurized  air,  vortex- 
flow  spark  gap  switch  is  reported  for  repeti¬ 
tion  rates  greater  than  1  kHz  for  20-kA  cur¬ 
rent  pulses  lasting  less  than  100  ns.  Low 
jitter  operation  (less  than  1  5  ns  absolute) 
has  been  achieved  in  a  36-j/pulse  switching 
application. 

The  design  of  the  spark  gap  is  discussed 
in  terms  of  electrode  and  insulator  heating, 
switch  recovery,  cooling  requirements,  gas 
flow  geometries,  electrode  materials,  elec¬ 
trode  shapes,  and  erosion. 

Switch  performance  using  a  2-fl,  25-ns 
double  transit  time  Blumlein  pulse  forming 
line  at  50  kV  and  1850  pulses/s  is  described. 
The  PFL  was  capable  of  delivering  26  J/pulse 
into  a  matched  load  at  a  maximum  voltage  of 
85  kV.  Spark  gap  erosion  and  gas  heating 
losses  limited  switch  life  and  circuit  output 
energy,  respectively.  During  a  16  million 
shot  test  the  average  spark  gap  erosion  was 
approximately  1  ug  per  mC.  Measurements  of 
circuit  efficiency  and  flowing  gas  temperature 
rise  indicated  that  25  percent  of  the  energy 
stored  in  the  PFL  dissipated  as  heat. 

Testing  indicates  that  performance  can  be 
improved  by  lowering  resistive  phase  losses 
nd  reducing  electrode  erosion.  Continuing 
rark  will  be  reported. 

Introduction 

In  this  paper  we  describe  the  operation 
of  a  gas-insulated  vortex-flow  spark  gap  at 
50-kW  average  power  levels  and  at  a  repeti¬ 
tion  rate  of  1850  pulses/s.  Many  of  the 
design  and  engineering  problems  encountered 
during  the  development  of  this  spark  gap  are 
described,  including  electrode  erosion,  gas 
heating,  and  circuit  efficiency. 

The  performance  of  spark  gaps  in  single¬ 
shot  pulsed  power  applications  is  well  known. 
These  devices  are  capable  of  high  voltage, 
high  peak  current,  and  high  dl/dt  switching 
performance.1  They  are  also  adaptable  to 
various  geometries  (i.e.,  coaxial  gaps,  rail 
gaps,  etc.).  For  high  repetition  rate  opera¬ 
tion  (>  100  pulses/s),  spark  gap  performance 
is  thought  to  be  limited  by  spark  gap  voltage 
recovery  and  electrode  erosion. 

Operation  of  high  repetition  rate  spark 
gaps  depends  on  numerous  parameters  (i.e., 
gas  flow  rates  and  pressure,  peak  currents, 
charge  transfer,  etc.)  that  are  related  to 
the  complex  time  history  of  the  arc  physics. 
Techniques  for  improving  spark  gap  switch  life 
and  efficiency,  and  suggestions  for  pinpoint¬ 
ing  the  limits  of  high  repetition  rate  spark 
gaps  are  also  discussed. 

Switch  Design 

The  tested  repetitive  spark  gap  switch 
uses  vortex  flow  to  provide  switch  voltage 


recovery  and  gas  cooling.  Air  flow  in  the 
switch  is  accomplished  with  air  tangentially 
injected  into  the  discharge  region,  as  shown 
in  Figure  1.  The  main  advantages  of  this 
vortex-flow  design  are  protection  of  the 
acrylic  insulators  due  to  air  flow  tangential 
sweeping,  good  heat  transfer  and  arc  thermal 
recovery  due  to  vortex  turbulence,  and  a 
field-free  exhaust  region  in  the  main  elec¬ 
trodes,  which  is  advantageous  for  switch 
recovery . 


Figure  1  Design  of  vortex-flow  spark 
gap  switch. 

The  switch  consists  of  two  annular  elec¬ 
trodes  with  a  thick  (approximately  3/4")  mid¬ 
plane  trigger  electrode.  A  DV  illuminator  is 
installed  in  the  thick  midplane  electrode  to 
ensure  low  jitter  switch  operation.  The  elec¬ 
trode  tips  are  fabricated  with  K-25  metal,  a 
machinable,  copper-infiltrated,  tungsten  com¬ 
posite  manufactured  by  Metal  Works  Plancee  of 
Austria.  The  switch  is  designed  to  operate  at 
voltages  of  50  kv  and  pressures  as  high  as 
30  psig.  Figure  2  shows  the  fabricated  switch 
that  was  installed  in  a  low- inductance  ground- 
return  casing  for  operation  in  the  existing 
test  facilities  at  Physics  International 
Company. 


Figure  2  Fabricated  spark  gap  switch. 

Testing  and  Performance 

Existing  facilties  used  for  spark  gap 
switch  testing  included  the  following: 
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Figure  3  Electrical  schematic  of  modulator  and  Blumlein  PFL  test 
circuit  for  spark  gap  switch  testing. 


•100-kW  power  supply  and  modulator 
•Low- impedance  Blumlein  PFL  test 
circuit 

•Peaking  spark  gap,  dummy  load,  and 
auxiliary  cooling  systems 
•Spark  gap  trigger  circuit 
•Spark  gap  air  flow  systems 
•Diagnostics  for  measuring  necessary 
voltages,  currents,  temperatures, 
pressures,  and  flows 

The  erection  of  the  2-fl,  25-ns  (double¬ 
transit-time)  Blumlein  PFL  circuit  shown  in 
Figure  3  was  accomplished  with  the  test 
switch.  Detailed  operation  of  this  circuit  is 
described  elsewhere.2  Triggering  of  the  spark 
gap  is  accomplished  with  a  1-kV/ns  voltage 
pulse  reaching  a  peak  of  75  kV.  A  schematic 
of  the  spark  gap  trigger  circuit  appears  in 
Figure  4. 

The  spark  gap  switch  was  tested  at  a  1- 
kHz  repetition  rate  for  11  million  shots  at 
the  33-kW  power  level.  The  gap  was  operated 
at  as  high  as  1850  pulses/s.  the  repetition 
rate  limit  of  the  trigger  circuit.  The  1-kHz 
performance  is  summarized  in  Table  1. 


Table  1  1-kHz  switch  performance. 

Voltage  holdoff 

52  kV 

Peak  currant 

20  kA 

Current  pulse  duration 

98  ns 

(half-sine) 

Total  PFL  switching 

78  nH 

1 nductance 

Switching  delay  (trig  in 

48  ns 

to  PFN  volts  out) 

Delay  time  jitter 

Switch  energy  dissipation 

«  t  5  ns  abs 

(Energy  loss/energy  stored 

in  PFL) 

Initial 

20% 

11  million  shots 

29% 

Average  erosion  rates 

Cathode 

0.83  yg/m  Cb 

Anode 

1.0  vg/m  Cb 

Switch  energy  dissipation  (ED)  was  de¬ 
termined  from  the  formula 


ED  - 


0.32  x  Flow  Bate  (SCFM)  x  (^qu^-Tjj,) 
Repetition  Rate 


where  the  switch  inlet  and  outlet  tempera¬ 
tures  are  in  degrees  Fahrenheit.  Switch 
energy  dissipation  increases  with  the  number 
of  shots.  The  increase  of  electrode  gap 
spacing  caused  by  erosion  in  turn  increases 
this  energy  dissipation.  The  erosion  rates 
indicated  in  Figure  5  were  arrived  at  as  a 
result  of  examination  of  the  electrode  tip 
profiles.  The  total  switching  inductance 
cited  in  Table  1  includes  48  nH  for  the  spark 
gap  and  30  nH  for  the  transition  section 
between  the  spark  gap  and  PFL. 
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Figure  5  Erosion  profiles  for  the  mid¬ 
plane  cathode  and  main  elec¬ 
trode  anode  (ground)  during  an 
11.1  million  shot  test. 

The  switch  performance  was  judged  in 
terms  of  the  PFL  gain,  defined  by 

_  .  Erected  PFL  Output  Volts 
Gain  «  - —  • 

PFL  Charging  volts 


DC  POWER  SUPPLY 
28  kV  1  AMP  MAX 


SPARK 

GAP 


Figure  4  Electrical  schematic  of  spark  gap  trigger  circuit. 
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Figure  6  Gap  spacing  increase  and 

PFL  gain  performance  during 
1000-pps  testing. 


Figure  6  shows  the  drop-off  in  gain  due  to 
the  increase  in  gap  spacing  and  switch  energy 
dissipation  over  the  11  million  shot  life 
test. 

During  testing,  the  switch  air  flow  was 
increased  until  negligible  prefires  were  ob¬ 
served  on  an  oscillographic  pulse  charging 
waveform. 

Spark  gap  airflow  and  inlet  pressure 
were  adjusted  between  77-115  SCFM  and  45-90 
psig  during  1-kHz  testing.  Typically,  the 
switch  inlet  pressure  was  constant  at  65  psig 
for  the  first  7  million  shots.  As  the  gap 
spacing  increased,  reduction  of  the  switch 
pressure  was  required  to  maintain  a  negligible 
misfire  rate.  The  pressure  drop  across  the 
switch,  shown  in  Figure  7,  was  constant  over 
the  range  of  gap  spacings  encountered  (0.085 
to  0.200  inch  per  side). 


Figure  7  Pressure  drop  versus  air 
SCFM  for  spark  gap  switch. 

Technical  Results  and  Issues 

The  spark  gap  switch  tested  is  limited 
by  electrode  erosion  and  switch  energy  dissi¬ 
pation.  The  erosion  rates  reported  here  are 
larger  than  those  reported  previously3* 4 
(10“3  g/Cb  as  compared  to  10"5  g/Cb) .  The 
use  of  high-speed  gas  flow  could  account  for 
this  difference.  The  erosion  rates  previous¬ 
ly  reported  are  primarily  for  large  charge 
transfers  (20  mCb  -  10  Cb)  and  for  long 
current  pulse  durations  (20  us  -  200  us) . 

Gap  erosion  rates  have  received  little  atten¬ 
tion  in  terms  of  the  relatively  new  high- 
power  switching  requirements  of  greater  than 
20-kA  and  less  than  100-ns  pulses.  Besides 
limiting  the  gap  life,  erosion  causes  a  gap 


spacing  increase  which  in  turn  increases  gap 
heat  dissipation.  This  gap  increase  can  be 
minimized  by  using  larger-diaaeter  electrode 
tips  or  is rv6-con trolled  movable  electrodes 
to  keep  the  gap  spacing  constant.  Gap  life¬ 
time  can  be  increased  by  a  factor  of  3  to  5 
using  a  gap  design  with  a  smaller  initial  gap 
spacing  and  larger-diaaeter  electrodes. 

While  the  physics  of  spark  erosion  are  still 
not  completely  understood,  calculations  of 
erosion  rates  derived  from  electrode  hot  spot 
formations5  indicate  that  electrode  cooling 
can  reduce  erosion. 

A  major  part  of  the  gap  heat  dissipation 
reported  here  is  attributed  to  resistive 
phase  losses6  incurred  when  a  portion  of  the 
stored  energy  is  being  converted  into  heat, 
etc.,  in  the  expanding  spark  channel.  For 
the  given  PFL  switching  impedance  and  spark 
gap  geometry,  the  resistive  phase  time  con¬ 
stant  is  7  ns,  and  the  expected  losses  are 
2  J/puise.  The  gas  heating  measurements  and 
PFL  output  waveforms  indicate  a  7-J/pulse 
dissipation.  The  experimentally  derived  heat 
dissipation  consists  of  resistive  phase 
losses  and  arc  IZR  losses  which  persist  until 
the  arc  quenches.  Accurate  measurements  of 
the  time-resolved  power  flow  in  the  gap  must 
be  made  to  determine  the  source  of  these 
losses.  Resistive  phase  energy  dissipation 
can  be  reduced  by  either  decreasing  gap 
spacing  (i.e.,  increasing  the  gap  operating 
field  strength) ,  or  by  providing  multichannel 
switch  operation. 

Mo  attempt  was  made  to  determine  the 
voltage  recovery  characteristics  of  the  spark 
gap  as  a  function  of  airflow.  During  testing 
the  flow  rate  was  maintained  between  15  and  20 
CFM.  At  this  flow  rate,  the  interelectrode 
region  is  flushed  every  0.25  ms.  The  highest 
repetition  rate  attained  was  1850  pulses/s  at 
a  61-kW  power  level.  This  repetition  rate 
represents  a  limitation  of  the  spark  gap 
trigger  circuitry.  The  repetition  rate  limit 
of  this  spark  gap  for  these  pulsed  power 
levels  is  still  unknown. 

Conclusions 

Operation  of  a  >  1-kHz  repetition  rate 
vortex-flow  spark  gap  at  50-kW  power  levels 
has  been  described.  Blectrode  erosion  limits 
this  device  in  terms  of  lifetime  (11  million 
shots)  and  gap  heat  dissipation  caused  by  gap 
spacing  increases  (20-30  percent  of  the 
stored  FFL  energy) .  Work  is  continuing  to 
increase  the  reliability  of  these  gaps  for 
greater  than  >  20  kA,  50  kV,  and  less  than 
100  ns  pulses.  Currently,  a  spark  gap  with 
water-cooled  electrodes  is  being  constructed 
that  could  minimize  erosion  in  these  devices. 
In  addition,  programs  underway  at  Physics 
International  Company  are  attempting  to 
understand  the  basic  physics  of  fast-recovery 
high  repetition  rate  spark  gaps,  and  we  are 
developing  techniques  for  improving  their 
performance  in  terms  of  long  life  and  im¬ 
proved  circuit  operation  and  efficiency. 
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Summary 

Electrode  erosion  has  been  found  to  be 
dramatically  affected  by  the  acoustic  proper¬ 
ties  of  the  electrode  material  and  electrode 
configuration.  This  paper  describes  experi¬ 
mentally  derived  data  generated  to  demonstrate 
this  phenomena.  The  testa  were  conducted  at 
low  pressure  with  cylindrical  rod  electrodes 
arranged  in  a  parallel  plane  geometry.  Mater¬ 
ials  investigated  are  aluminum,  brass,  and 
moly.  The  electrical  parameters  are  square 
pulses  of  10  u  sec.  duration  rep-rated  at  10 
pps.  Pulse  currents  are  in  the  range  of  1  Ka. 
The  results  indicate  that,  in  some  cases,  ero¬ 
sion  can  be  affected  by  approximately  an  order 
of  magnitude  simply  by  varying  the  electrode 
length. 

Introduction 

In  recent  years,  large  pulsed  power 
systems  have  become  increasingly  important  to 
both  industry  and  scientific  efforts.  Al¬ 
though,  there  have  been  many  advances  in 
electron  tubes,  thyratrons  and  solid  state 
switching,  the  spark  gap  remains  in  the  spot¬ 
light  as  a  candidate  as  a  switch  in  many 
applications. 

The  major  limiting  factor  of  a  spark 
gap's  life  time  is  directly  related  to  the 
erosion  characteristics  of  the  electrode 
material.  Various  investigations''1’'  have 
reported  that  erosion  results  are  often  incon¬ 
sistent.  The  objective  of  this  investigation 
is  to  correlate  the  erosion  characteristics  to 
the  acoustical  properties  of  the  electrode 
material.  Such  a  correlation  may  account  for 
some  of  the  afore  mentioned  inconsistencies. 

(2) 

In  a  recent  paper  ,  it  was  shown  that 
the  establishment  of  an  arc  on  the  surface  of 
an  electrode  will  result  in  an  acoustical 
compression  wave  being  launched  into  the 
electrode  material.  As  the  wave  propagates  in 
the  electrode,  it  will  be  reflected  at  inter¬ 
faces  where  a  significant  change  in  acoustical 
impedance  exists.  If  the  reflected  wave 
appears  at  the  electrode  surface  while  the 
spot  is  still  molten,  a  portion  of  the  mater¬ 
ial  may  be  ejected,  which  would  result  in 
increased  erosion.  A  series  of  experiments 
were  conducted  to  verify  that  erosion  is  a 
function  of  the  acoustical  properties  of  the 
electrode  material.  The  experiments  were 
conducted  at  low  pressure  (<  50  microns)  with 
peak  currents  of  one  kiloamp.  The  spark  gap 
was  over-volted  by  a  10  microsecond  rectangular 
pulse,  so  that  the  anode  and  cathode  are  well 
defined. 

The  Tost  Circuit 

The  test  circuit  is  shown  in  Figure  1.  A 
type  E  pulse  forming  network  that  was  used  in 
previous  studies was  modified  to  produce  a 


10  microsecond  pulse  with  an  impedance  of  6 
ohms.  The  pulse  has  a  rise  and  fall  time  of 
approximately  750  nanoseconds. 


Figure  1.  Spark  Gap  Test  Circuit 
Electrode  Test  Fixture 

Basically,  the  test  fixture  consists  of 
an  acrylic  cylinder  which  is  held  in  place 
between  two  aluminum  end-plates.  The  elec¬ 
trode  samples  are  held  in  place  by  a  fixed 
callet  and  an  adjustable  collet  that  is  free 
to  move  oh  an  aluminum  shank.  The  gap  length 
between  the  two  sample  electrodes  may  be 
varied  with  the  use  of  a  micrometer  mounted 
on  the  exterior  of  the  chamber.  The  test 
chamber  is  vacuum  tight  and  pressures  as  low 
as  10  microns  may  be  maintained  within  the 
gap.  The  electrodes  are  placed  in  the  collets 
which  when  tightened,  grips  the  electrodes 
securly.  The  cross-section  of  a  collet  is 
shown  in  figure  2.  The  gripping  action  of 
the  collet  constitutes  a  reaction  mass  which 
will  cause  a  reflection  of  the  acoustical 
waves  within  the  electrode. 


Figure  2.  Collet  Cross-Section 
Experimental  Procedure 

For  the  series  of  test  conducted,  alumi¬ 
num,  brass  and  molybdenum  were  used  as  the 
test  electrodes.  Each  electrode  consists  of 
a  cylindrical  rod  arranged  in  a  parallel- 
plane  geometry.  The  ends  of  the  electrodes 
are  machined  flat.  The  electrodes  are  then 
ultraaonically  cleaned  and  weighed  within  one 
tenth  of  a  milligram. 

After  an  electrode  is  weighed,  it  is 
placed  into  the  collet  which  clasqjs  the 
electrode  in  position.  Electrodes  of  various 
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lengths  are  placed  in  the  gap.  Each  elec¬ 
trode  undergoes  75  coulombs  of  charge  trans¬ 
fer,  after  which  the  electrode  is  removed 
from  the  gap  and  weighed  again.  The  gap 
length  was  maintained  to  be  equal  to  the 
diameter  of  the  electrode  sample. 

Erosion  Results 

The  erosion  results  have  been  normalized 
with  respect  to  the  total  charge  transfer  and 
are  presented  in  gram  per  coulomb  loss  versus 
length  of  the  electrode.  The  properties  of 
aluminum,  brass  and  molybdenum  that  are 
important  to  this  study  are  shown  in  Table  I. 

Table  I.  Properties  of  various  materials. 

Material  Density  Velocity  of  Sound 

Aluminum  2.7  gm/cm3  5  ram/ys 

Brass  8.6  gm/cm3  3.5  mm/ys 

Molybdenum  10.1  gm/cra3  5.4  mm/ys 

Figures  3  and  4  illustrates  the  erosion 
characteristics  for  the  aluminum  anode  and 
cathode  respectively.  It  is  apparent  from 
these  plots  that  the  erosion  is  a  function  of 
the  length  of  the  electrode.  The  rata  drops 
drasuitically  between  10  and  15  millimeters 
for  both  the  anode  and  cathode.  Table  II 
indicates  how  many  reflections  occur  within 
the  10  microsecond  pulse  for  a  given  elec¬ 
trode  length.  It  is  assumed  that  a  molten 
spot  exits  on  the  surface  of  the  electrode 
for  the  duration  of  the  pulse.  The  erosion 
characteristics  of  the  electrode  correlate 
very  well  with  the  number  of  reflections 
calculated. 


Table  II.  Number  of  reflections  for  each 
electrode  length  aluminum 
VT  m  5.0  mm/ys. 


Electrode 

length 

Number  of  reflections 
within  a  10  us  pulse 

5  mm 

5 

10  mm 

2 

15  osi 

1 

20  mm 

25  mm 

0 

30  mn 

0 

35  mm 

0 

Similarly,  the  erosion  rate  for  brass 
varies  with  the  length  of  the  electrode  as 
shown  in  figures  5  and  6.  Both  the  anode  and 
cathode  have  similar  shaped  erosion  charac¬ 
teristics,  although  the  cathode  generally  has 
a  higher  erosion  rate  as  would  be  expected 
when  there  are  multiple  reflections  within 
the  electrode,  a  higher  erosion  rate  was 
indicated  as  was  the  case  with  aluminum. 

Figures  7  and  8  are  the  erosion  results 
for  molybdenum  electrodes.  Both  the  anode 
and  cathode  erosion  rated  show  very  little 
dependence  on  the  length  of  the  electrodes 
compared  to  other  material.  Upon  examination 
of  the  experimental  apparatus  it  was  dis¬ 
covered  that  the  collet  did  not  consiatute  a 


sufficent  reaction  mass  to  cause  a  signifi¬ 
cant  reflection  in  the  molybdenum  electrode. 
As  a  side  note,  it  was  observed  that  a 
significant  amount  of  the  molybdenum  cathode 
material  had  been  deposited  upon  the  anode. 


Figure  3.  Aluminum  Anode 
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Figure  5.  Brass  Anode 


Conclusions 
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Although,  ths  experiment  described  in 
this  paper  is  relatively  simple,  the  results 
that  have  been  obtained  clearly  Indicate  that 
the  electrode  erosion  rate  is  related  to  the 
acoustical  properties  of  the  material.  These 
results  are  by  no  means  conclusive,  but  it  is 
hoped  that  they  will  provide  incentive  for 
additional  research  in  erosion  related  to 
acoustical  phenomena.  Such  research  will 
provide  data  that  can  be  incorporated  into 
spark  gap  design  in  the  future. 
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Figure  7.  Molybdenum  Anode 


Figure  8.  Molybdenum  Cathode 
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Sugary 

A  high-current  relativistic  electron  acceler¬ 
ator  has  been  modified  to  permit  command  output 
switching.  As  originally  designed,  the  generator 
pulse  forming  network  (PFN)  had  an  unbalanced 
water  Bluneln  with  the  output  switching  provided 
by  a  self-closing  water  switch  between  the  Inner 
and  Intermediate  conductors.  The  switch  region 
of  the  Slunleln  has  been  redesigned  to  replace 
the  self-closing  water  switch  with  a  laser-trig¬ 
gered  gas  switch.  The  switch  conversion  not  only 
provides  a  comnand  triggered  output  capability, 
but  also  results  In  significant  Improvements  In 
the  output  waveform.  Substantial  Improvement  In 
the  voltage  fluctuation  during  the  constant  por¬ 
tion  of  the  output  waveform  and  In  the  shot-to- 
shot  reproducibility  of  the  output  voltage  were 
necessitated  by  the  requirements  of  the  free- 
electron- laser  (FEL)  experimentation.  Switching 
Is  accomplished  by  a  Q-swItched  ruby  laser  pulse 
introduced  Into  the  spark  gap  radially.  Portions 
of  the  beam  were  diverted  by  partial  reflection 
(Internal  to  the  central  element)  along  two  addi¬ 
tional  radial  paths,  from  the  center  outward.  In 
order  to  provide  up  to  three  simultaneous  switch 
channels.  The  radial  Introduction  provides  a  fall- 
safe  single- channel  Irradiation  along  the  opposite 
radius  regardless  of  optical  component  alignment. 
Simultaneous  discharge  of  all  channels  will  result 
In  a  reduction  of  switch  Inductance  which  will 
reduce  output  voltage  rise  time  by  as  much  as  2/3. 
The  designed  command  triggering  Jitter  of  less 
than  +5  nsec  has  been  achieved  by  single  channel 
discharge.  Successful  operation  of  the  switch  has 
Improved  output  waveform  and  will  allow  simultan¬ 
eous  Initiation  of  separate  high-voltage  high-peak- 
power  events. 

•Work  supported  by  ONR  and  NAVAIR. 

••Present  Address:  U.S.  Naval  Academy. 


Introduction 

The  Versatile  Electron  Beam  Accelerator 
(VEBA)  located  at  the  Naval  Research  Lab,  Wash¬ 
ington  Is  being  modified  to  produce  an  Intense 
beam  free  electron  laser  (FEL).  The  FEL  Is  to 
be  produced  by  the  Interaction  of  an  intense 
electron  beam  and  a  spatially  periodic  magnetic 
field.  The  overlap  of  these  two  short  (**50  nsec) 
events  coupled  with  a  small  allowable  energy 
spread  In  the  electrons  place  the  following  re¬ 
quirements  on  the  switch  for  VEBA: 

1.  Command  triggering  -  so  that  a  signal 
from  one  event  could  be  properly  delayed  and  used 
to  trigger  the  other. 

2.  Jitter  <  +5  nsec  -  to  ensure  maximum 
overlap,  and 

3.  Multiple  Channel  Operation  -  to 
reduce  risetime  and  ripple  In  the  output  voltage 
of  VEBA. 

The  requirements  can  most  readily  be  met  by  a 
laser- triggered,  gas  dielectric  spark  gap,  or 
Laser-Triggered  Switch  (LTS). 

Design  Considerations 

The  overvolted  water  switch  has  the  advan¬ 
tage  of  very  short  risetime.  The  ripple  on  the 
output  voltage,  however,  generates  a  spread  In 
electron  energy  which  Is  too  great  to  permit  the 
required  Interaction  necessary  to  produce  laser 
output.  A  laser-triggered  water  switch  would 
have  preserved  this  short  risetime  but  was  ruled 
out  because  the  acoustic  shock  carried  by  the  wa¬ 
ter  In  the  switch  region  would  have  made  the  sur¬ 
vival  of  optical  components  very  difficult.  The 
waveform  predicted  by  the  TEMP1  computer  code  for 
a  single  channel  laser-triggered  switch  using  a 
gas  dielectric  shows  acceptable  ripple,  however, 
the  relatively  slow  risetime  drove  the  design  to 
multiple  channel  switching  In  order  to  reduce 
switch  Inductance. 
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Figure  I 


TEMP  Generated  Voltage  vs.  Time  Showing  Risetime  Reduction  vs.  Number  of  Channels 


Figure  1  displays  the  TEMP  generated  waveforms 
for  single,  dual,  and  triple  channel  switches  as 
well  as  a  zero  Inductance  switch.  The  machine- 
limited  risetime  with  a  gas-filled  switch  appears 
to  be  about  20  nsec  and  Is  obtained  for  two  chan¬ 
nels.  The  ITS  was  designed  to  accommodate  up  to 
three  simultaneous  channels  to  test  the  predicted 
limit  on  risetime  and  to  better  assure  that  at 
least  tv«  channels  would  be  Initiated  each  time. 


Time  (nsec) 

Figure  2 

Digitized  Traces  of  Single  vs.  Dual 
Channel  Voltage  Rise. 


Unlike  the  axial  switching  schemes  of  most 
previous  work2  the  configuration  of  VEBA  necessi¬ 
tated  a  radial  Introduction  of  the  laser  beam  as 
shown  In  figure  2.  The  beam  splitting  and  focus¬ 
ing  optics  were  therefore  located  in  the  Inner 
electrode  so  as  to  focus  the  multiple  laser  beams 
on  the  Intermediate  electrode. 

Timing  was  accomplished  by  initiating  the 
slowest  event  (laser  amplifier  flashlamp)  which 
In  turn  Initiated  the  Marx  gaps.  A  di/dt  loop 
senses  Marx  erection  and  the  suitably  delayed 
signal  triggers  the  optical  shutter  (Pockels  Cell) 
of  the  laser. 

Design  Details 

With  the  basic  design  completed  the  details 
to  be  specified  included:  electrode  material  and 
configuration,  optics  mounts,  type  of  dielectric 
gas,  and  laser  output  requirements. 

The  electrodes  must  be  easily  machinable, 
resistant  to  spark  erosion,  and  must  produce  cop¬ 
ious  Ionization  when  Intercepting  the  focused 
laser  beam.  Previous  work3  has  shown  that  stain¬ 
less  stell  Is  a  good  choice.  Because  the  break¬ 
down  arc  Is  Initiated  at  the  focus  of  the  laser 
beam  ft  is  possible  to  Increase  erosion  resistance 
and  Ionization  production  by  Installing  flush 
mounted  tungsten  buttons  In  the  host  stainless 
steel  electrode.  Future  plans  call  for  this 
retrofit.  The  electrode  configuration  consisted 
of  a  ring  affixed  to  the  Intermediate  cylinder  as 
the  target  and  Rogowskl-llka  contours  on  the 
Inner  cylinder  drilled  to  allow  laser  egress. 
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The  laser  bean  Is  turned  into  the  switching 
region  through  a  nylon  tube  which  forms  the  inter¬ 
face  between  gas  and  oil  dielectrics.  The  beam 
is  focused  by  6"  focal  length  lenses  onto  the 
intermediate  electrode.  A  single  lens  provides 
for  single-channel  operation  while  the  addition 
of  a  50X  reflecting  mirror  and  second  lens  pro¬ 
duces  two  switch  channels.  A  33X  mirror  and  a 
third  lens  will  complete  the  three-channel  arrange¬ 
ment. 

The  dielectric  gas  was  a  50:40:10  mixture  of 
Nz.  A-,  and  SFs.  The  switching  delay  varies  in¬ 
versely  with  the  product  of  the  Townsend  ioniza¬ 
tion  coefficient,  a,  and  electron  drift  velocity, 
v4,  thus  argon  is  used  (avJ£150  sec'1}  even  though 
it  has  a  relatively  small  dielectric  strength. 
Nitrogen  (av~*0  sec'1)  and  SFs  (av~5  sec'1)  give 
the  required  dielectric  strength.  It  is  possible, 
of  course,  to  use  a  pure  SFs  dielectric5,  but  a 
large  Increase  in  laser  power  Is  needed  to  offset 
the  electronegativity  of  SFs. 

Based  on  previous  work5  it  was  estimated  that 
a  mlnimun  laser  power  of  100  MW  per  channel  would 
be  required  to  reliably  trigger  the  8.9  cm  gap  at 
maximum  voltage.  The  laser  power  required  varies 
inversely  with  the  reduced  field.  E/p,  in  the  gap. 
Thus,  much  more  laser  power  is  required  to  switch 
0.75  MV  at  108  psi  dielectric  pressure  (E/p  ■  15 
v/cm-torrj  than  to  switch  0.5  MV  at  40  psi  dielec¬ 
tric  pressure  (E/p  ■  27  v/cm-torr).  These  two 
nominal  operating  conditions  give  1.27  and  0.85  MV 
output  voltages  respectively  due  to  transformer 
action.  For  preliminary,  low-voltage  work  a  laser 
power  of  30  MW  was  used  at  a  reduced  field  of 
about  27  v/cm-torr  at  self-breakdown. 

Results 


Single  Channel 

For  a  0.7  MV  output  the  self-breakdown  of 
the  spark  gap  is  0.51  MV.  The  gap  conditions 
are:  41.5  psla,  8.9  cm  spacing,  and  800  nsec 
risetime  on  the  Marx  voltage.  The  reduced  field 
at  self-breakdown  Is  26.7  v/cm-torr.  The  laser 
pulse  can  be  Inserted  anytime  during  the  800  nsec 
voltage  rise.  Table  1  shows  the  delay  and  jitter 
of  the  ITS  versus  the  time  of  laser  insertion. 
Note  that  at  the  lowest  insertion  time  (430  nsec) 
the  reduced  field  in  the  gap  Is  only  14.5  v/cm- 
torr. 


TABLE  1 

Insertion  Output 

Time  Voltage  Delay  Jitter 


700  nsec 

0.66  MV 

84  nsec 

5.5 

600 

0.63 

93 

2.1 

500 

0.60 

124 

20.7 

430 

0.57 

193 

45.4 

The  pressure  was  Increased  to  108  psla  on 
the  8.9  as  gap  which  resulted  in  self-breakdown 
voltage  of  0.7  MV  or  an  output  voltage  of  1.2  MV. 
The  gap  could  not  be  reliably  triggered  with  the 
30  MW  laser  pulse  due  to  ttw  low  value  of  E/p(2J 
12.8  v/cm-torr  at  90S  of  the  self-breakdown  volt¬ 


age).  Laser  power  was  then  Increased  to  115  MW 
(4.0  joules  in  35  nsec)  and  a  limited  range  of 
insertion  times  were  used  to  produce  the  results 
in  Table  2. 

TABLE  2 

Insertion  Output 

Time  Voltage 

975  nsec  1.1  MV 

920  1.01 

875  1.07 

The  jitter  here  is  worse  than  in  the  low-voltage, 
low-laser  power  case.  This  Indicates  that  a 
minimum  laser  power  of  perhaps  150  MW  per  channel 
would  be  a  more  realistic  design  parameter. 

Dual  Channel 


Delay  Jitter 

83  nsec  6.5  nsec 
88  9.1 

96.5  7.9 


The  beam  splitter  and  additional  lenses  were 
installed  for  two-channel  operation.  Laser  power 
was  kept  at  120  MW  nominal,  thus  a  lower  switch 
voltage  (higher  E/p)  was  used  to  increase  the 
reliability  of  the  switching.  Previous  dual 
channel  switching7  revealed  that  the  two  channels 
would  share  the  current  and  thus  reduce  the  rise¬ 
time  If  the  synchronization  between  channels  was 
better  than  about  half  the  output  rlsetlme.  The 
predicted  two-channel  rlsetlme  Is  20  nsec  which 
means  that  the  Jitter  must  be  better  than  ±10 
nsec  to  achieve  two-channel  operation.  Because 
jitter  of  less  than  +10  nsec  was  achieved  at 
E/p '■‘-20-25  v/cm-torr  with  a  laser  power  of  30  MW 
the  prospects  for  dual  channel  switching  with  60 
MW  per  channel  seemed  very  good. 

Figure  3  is  a  digitized  reproduction  of  a 
single  channel  and  dual  channel  switching  event. 
The  rlsetlme  (10-90S)  of  the  single-channel  Is 


Figure  3 

Rodial  Introduction  of  Loser  Beam 


a.  lens  c.  window 

b.  beam  spktter  d.  nylon  tube 

e.  laser  beam  showing  focussing 

f.  inner  electrode 
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about  40  nsec  while  that  of  the  dual  channel  Is 
20  nsec.  Very  reliable  dual  channel  switching 
was  produced.  In  addition,  the  dual  channel  LTS 
produced  a  flat  waveform  with  less  than  +5*  ripple 
for  4  nsec  duration. 

Conclusions 

Laser- triggered  switching  can  be  used  to  in¬ 
itiate  multiple  channels  in  a  gas  insulated, 
pulse-charged  spark  gap.  Figure  plans  call  for 
Increased  laser  power  to  produce  three  channel 
switching  at  the  elevated  voltages  needed  for  the 
FEL. 
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ABSTRACT 

Low  energy  pulses  of  unfocussed,  coherent  UV  radiation  have  been  used  for  the  first  time  to  initiate  syn¬ 
chronised  Low-j inter  multichannel  breakdown  in  a  fas  insulated  edge-plane  rail-gap. 

The  test  layout  consisted  of  a  pulse  forming  network  (PFN)  connected  through  an  edge-plane  rail-gap  to  a 
matched  load  consisting  of  a  tin  CuSOt,  liquid  resistor.  A  few  millijoules  of  LIV  radiation  produced  by  a  rare  gas 
halide  laser  was  passed  through  a  quartz  entrance  window  and  down  the  rail-gap  axis.  The  gap  voltage  hold-off 
capability  for  us  charging  times  of  the  PFN  and  for  a  2  atm  90%  Ar.  10%  SFg  gas  mix  was  typically  -veO  kV/cm. 

With  laser  triggering  up  to  100  channels  oer  meter  have  been  observed  visually  while  the  voltage  across  the  2(2 
load  was  fully  erected  in  10  ns.  The  jitter  between  the  laser  pulse  and  the  voltage  pulse  across  the  load  was 
<5  ns.  These  results  were  substantially  unaltered  when  an  initially  high  impedance  laser  discharge  replaced  the 
v2fl  load. 

This  technique  appears  promising  as  a  simple,  yet  reliable  method  of  obtaining  nanosecond  synchronization 
between  an  external  trigger  source  and  one  or  more  low-inductance ,  high  voltage  rail-gaps. 


INTRODUCTION 

In  order  to  switch  high  voltages  from  a  low  impe¬ 
dance  pulse  forming  network  into  a  rare  gas  halide 
laser  or  other  similar  low  impedance  loads,  a  low  jit¬ 
ter,  low  inductance  switching  device  is  required. 
Present  switching  devices  include  pressurized  surface 
spark  gaps1  or  edge-plane  rail-gaps  with  gas2  or 
liquid1  dielectrics  in  addition  to  electrically  trig¬ 
gered  rail-gaps.1*  However,  for  low  jitter  operation 
both  the  surface  gap  and  the  edge-plane  rail-gap  re¬ 
quire  very  rapid  charging  rates  while  the  electrically 
triggered  rail-gap  requires  extremely  fast  high  vol¬ 
tage  trigger  pulses. 

A  possible  alternative  to  the  above  devices, 
especially  when  synchronization  of  many  gaps  is  re¬ 
quired,  is  the  application  of  laser-triggered 
switching.  In  the  past,  laser-triggered  spark  gaps 
have  achieved  sub-nanosecond  jitter;  however,  they 
have  been  limited  to  essentially  single  channel 
operation. 5-0  The  use  of  synchronous  triggering  and 
multiple  independent  gaps  offers  one  approach  to  low 
inductance  switching,  but  is  considerably  more  complex 
than  a  single  multichannel  device  requiring  only  one 
trigger  beam. 

The  experiments  described  in  this  paper  have 
demonstrated  that  an  unfocussed  beam  of  moderate 
intensity  UV  laser  radiation  can  initiate  multichannel 
breakdown  in  a  low  inductance  edge-plane  rail-gap  with 
nanosecond  jitter. 

EXPERIMENTAL  CONFIGURATION 

A  schematic  diagram  of  the  laser-triggered  rail- 
gap  test  facility  is  shown  in  Fig.  1.  The  pulse 
forming  network  (PFN)  consisted  of  a  distilled  water 
dielectric  parallel  plate  transmission  line  that  was 
pulse  charged  from  a  two  stags  Marx  bank .  By 
altering  the  inductance  between  the  Marx  generator 
and  the  line,  charging  times  (t  )  ranging  from  0.5  to 
3  us  could  be  obtained.  The  PFN,  with  an  inductance 
and  characteristic  ia^edance  of  40  nH  and  2fl,  res¬ 
pectively  was  terainatsd  through  the  rail-gap  in  a 
matched  copper  sulphate  liquid  resistive  load.  Vol¬ 
tage  measurements  on  the  PFN  and  load  resistor  were 
obtained  with  a  calibrated  copper  sulphate  resistive 
divider  -  high  voltage  probe0  combination  with  an 
overall  risatime  of  '1  ns.  As  shown  in  Fig.  1,  the 
rail-gap  consisted  of  two  50  cm  long  brass  electrodes, 
one  of  circular  cross-section,  the  other  shaped  in  the 
form  of  a  knife-edge.  Electrode  separations  of  1.5 


and  3 . 7  cms  were  tested  with  various  gas  mixes  and  over 
a  1  -  3  atm  pressure  ran^e.  The  spark-gap  was  usually 
operated  for  v2Q  discharges  on  a  static  fill.  It 
was  then  pumped  down  to  a  pressure  of  a  few  Torr  and 
subsequently  refilled  with  gas. 

Rare  gas  halide  lasers10  operating  at  1933  8 
(ArF),  2486  %  (KrF)  or  3080  ft  (Xeci)  wavelengths,  and 
providing  50-100  mJ  of  energy  in  10-20  ns  duration 
pulses,  as  well  as  a  N2  laser11  (3371  ft)  producing  60 
uJ ,  300  ps  duration  pulses  were  used  as  the  coherent 
UV  sources.  The  beam  cross-sections  for  the  rare  gas 
halide  and  the  N;  laser  were  0.5  x  2  cm2  and  0.1  x  0.5 
cm2,  respectively-  A  sample  of  the  incident  laser 
radiation  was  directed  onto  a  photodiode  where  it  was 
detected  and  displayed  on  a  fast  risetime  storage  os¬ 
cilloscope.  The  main  beam  which  could  tie  attenuated  by 
calibrated  neutral  density  filters  was  passed  unfocus¬ 
sed  through  a  quartz  entrance  window  and  into  the 
interelectrode  volume  parallel  to  the  knife-edge. 

The  number  of  visibly  intense  channels  occurring 
in  the  gap  was  monitored  for  many  discharges  to  obtain 
an  average  value  N.  Simultaneous  monitoring  of  the 
laser  and  voltage  pulses  permitted  measurements  of  the 
time  delay  (t^)  between  the  peak  of  the  optical  signal 
and  the  time  at  which  the  voltage  across  the  load 
reached  90%  of  its  maximum  value.  Voltage  risetimes 
(tr,  10-90%  points)  and  the  magnitude  of  the  voltages 
across  the  PFN  and  the  resistive  load  were  also 
measured. 

RESULTS  AND  T'SCUSSION 

The  initial  data  were  obtained  with  a  KrF' laser 
and  an  electrode  spacing  of  1.5  cm.  Gases  such  as  C02 , 
Nj,  He,  Ne,  Ar  and  SF 6  used  alone  or  in  mixes  were 
tested  in  the  switch.  For  t  a  400  ns  and  without 
laser  irradiation  switch  breakdown  occurred  in  1-3 
channels.  However,  with  KrF  irradiation  only  pure 
argon  or  argon  diluted  with  a  small  percentage  of  SFe 
(up  to  12%)  produced  reliable  multichannel  (N  v  55m'1) 
breakdown  well  below  the  self-breakdown  voltage.  Fig. 

2  shows  a  typical  set  of  laeer  and  voltage  pulses  ob¬ 
tained  using  a  2.4  atm  10%  SFg,  90%  Ar  gas  mix.  This 
pressure  and  gas  mix  were  used  for  subsequent  experi¬ 
ments.  The  dashed  tine  in  Fig.  2  represents  the  aver¬ 
age  seif-breakdown  voltage  (V.)  of  the  gap.  The  time 
delay  t .  between  the  voltage  across  the  20  load  and 
the  optical  signal  was  10  ns  while  the  voltage  rise- 
time  across  tha  load  was  S  ns.  The  average  jitter  in 
t^  was  vi  ns  while  the  parameter  m  defined  as  the 
ratio  of  V  to  the  minimum  voltage  on  the  PFN 
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Fig. I  Schematic  representation  of  the  laser-triggered  rail -gap  test  bed 


for  which  significant  (N  a  10)  multichannel  breakdown 
occurred  was  ^.O. 

The  use  of  longer  wavelength  XeCl  laser  radiation 
produced  as  many  as  75  -  100  channels  per  metre  but  at 
a  reduced  value  of  m  =  1.4,  while  a  shorter  wavelength 
ArF  laser  produced  results  similar  to  those  obtained  at 
the  KrF  wavelength.  It  was  further  observed  that  the 
performance  of  the  gap  was  substantially  unaltered 
when  the  "v  20  resistive  load  was  replaced  by  an  initial¬ 
ly  high  impedance  XeCA  laser  load. 

Fig.  3  shows  that  N  increases  dramatically  with 
KrF  flux.  For  large  V/Vg  ratios  the  value  of  H  levels 
off  at  high  laser  energy Ddensitieai  however,  for  lower 
ratios  considerably  more  radiation  is  needed  to  achieve 
multichannel  gap  closure.  Nevertheless ,  the  required 
energy  densities  can  readily  be  achieved  even  with  a 
small  rare  gas  halide  laser. 

A  series  of  more  detailed  experiments  was  per¬ 
formed  using  a  3.7  cm  gap  separation.  With  standard 
operating  conditions  and  t  w  0.8  us  the  self-breakdown 
voltage  V  was  w  140  kV  and  reliable  multichannel  break¬ 
down  could  be  obtained  for  m  =  1.7. 

It  was  found  that  the  voltage  polarity  applied  to 
the  electrodes  was  extremely  important.  Table  I  out¬ 
lines  some  rather  preliminary  measurements  of  the  self¬ 


breakdown  voltage  as  a  function  of  electrode  oolarity. 
Both  positive  knife-edge  configurations  broke'  down  at 
lower  voltages  than  the  negative  edge  configurations 
in  qualitative  agreement  with  the  breakdown  data  ob¬ 
served  for  point-plane  spark-gaps  using  electronegative 
gases.12  Multichannel  triggering  was  only  possible 
when  the  knife-edge  polarity  was  positive  ground.  This 
appears  to  be  consistent  with  strong  space  charge 
effects  in  the  anode  region  being  enhanced  by  the  large 
field  gradients  associated  with  the  knife-edge.  A 
positively  charged  edge  might  be  expected  to  give  simi¬ 
lar  results;  however,  as  can  be  seen  from  Table  I  this 
configuration  is  considerably  less  useful  due  to  its 
lower  self-breakdown  voltage. 

Fig.  4  shows  that  can  be  reduced  by  operating 
at  high  values  of  V/V„.  Presumably  at  lower  voltages 
the  avalanche  process°has  not  achieved  a  significant 
ionization  level  to  launch  very  rapid  streamers.  If 
one  makes  the  rather  crude  assumption  that  the  time 
delay  represents  a  streamer  propagation  time  across  the 
gap,  then  the  minimum  time  delay  of  Fig.  4  corresponds 
to  a  streamer  velocity  of  1.2  x  10®  cm/s.  The  time 
delay  data  for  the  1.5  cm  gap  predicts  a  similar  velo¬ 
city  of  1.5  x  10®  cm/s. 

Fig.  5  demonstrates  that  the  number  of  channels 
levels  off  with  Increasing  KrF  energy  density  in  simi¬ 
lar  fashion  to  that  shown  for  the  1.5  cm  gap  (Fig.  3). 
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Fig.  2.  Top:  Voltage  on  PFN  with  laser  irradiation 

of  gap. 

Bottom:  Corresponding  voltage  across  the 
resistive  load. 
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Fig.  3.  Number  of  channels  as  a  function  of  the  KrF 
energy  density.  The  value  of  t  was  1.7  us. 

This  figure  also  shows  that  there  is  a  corresponding 
decrease  in  the  voltage  rlsatiae  with  Increasing  flux. 


a  data  were  obtained  with  a  2.4  ate  10Z  SF,  90Z  Ar 
mix,  at  of  0.8  us  and  with  a  3.7  cm  gap  separa¬ 
tion. 

b  gas  pressure  was  only  1  atm. 
a  lower  limit  due  to  tracking  on  parapex  walls. 


Calculations  of  the  resistive  and  inductive  contribu¬ 
tions  to  che  voltage  risetime  were  made  using  the 
empirical  formulae  of  J.C.  Martin.15  The  calculated 
risetimas  were  a  factor  of  two  larger  than  experimen¬ 
tally  observed  values.  However,  branching  of  many 
channels  near  the  cathode  was  frequently  observed  and 
may  account  for  the  discrepancy.  On  the  other  hand, 
calculations  of  the  standard  deviation  in  switch  break¬ 
down  voltage  underestimated  the  experimental  deviation 
by  t.2.  Nevertheless ,  the  agreement  is  still  quite 
reasonable  considering  the  assumptions  made  in  the 
calculations . 

As  shown  in  Fig.  6,  increasing  the  gap  pressure 
resulted  in  a  substantial  increase  in  N  and  subsequent 
decrease  in  the  voltage  risetima.  The  data  were  ob¬ 
tained  under  constant  irradiation  conditions  and  with 
V/V  ■x.  0.8.  The  self-breakdown  voltage  scaled  as  p’ 
and?  therefore,  the  ratio  of  the  mean  electric  field  to 
pressure  (E/p)  was  not  constant  but  decreased  as  p~*>. 
The  improvement  in  N  with  higher  pressures,  demon¬ 
strates  the  importance  of  the  field  strength  in  obtain¬ 
ing  good  multichannalling. 

GAS  ADDITIVES 

The  possibility  of  using  low  ionization  potential 
gas  additives  in  a  spark-gap  arose  from  previous  work 
on  laser-induced  preionization  of  TE-laser  discharges 
In  those  experiments  a  rare  gas  halide  laser  was  used 
to  produce  sufficiently  high  electron  densities  in  a 
TE-laser  medium  containing  a  small  amount  of  additive 
to  ensure  uniform  preionization  of  the  excited  volume: 
Fluorobenzene,  for  example  (I.P.  *  9.2  eV),  has  a 
strong  vibronio  absorption  near  2500  %  and  an  inter¬ 
mediate  excited  state  close  to  the  KrF  photon  energy 
(5  eV).15  Efficient  two  step  photolonization  is, 
therefore,  possible.  It  was  anticipated  that 
irradiation  of  the  entire  Interelectrode  region  of  a 
rail-gap  with  KrF  fluences  of  ^lOO  mJ/ce2  and  with  i 
fluorobenzene  concentrations  of  a  few  tenths  of  "*rr 
would  produce  electron  densities  in  excess  of  10 k ’ cm* 5 
in  a  15  ns  period  sufficient  to  Initiate  breakdown  of 


34 


T  ! 


operating  voltage. 
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Fig.  5.  Rise time  of  the  voltage  across  the  resistive 
load  and  number  of  channels  as  a  function  of 
the  KrF  flux. 

the  gap.  Indeed,  under  such  conditions  breakdown 
occurred  in  only  1-3  channels  with  no  temporal  cor¬ 
relation  with  the  laser  pulse!  However,  by  using  a 
mask  to  prevent  the  KrF  beam  from  irradiating  the 
knife-edge  region  multichannel  breakdown  over  the 
entire  gap  was  observed.  Further  experiments  to  in¬ 
vestigate  the  Influence  of  the  spatial  distribution  of 
the  KrF  beam  with  and  without  the  presence  of  an  addi¬ 
tive  in  the  gap  were  performed.  The  irradiated 
regions  and  important  observations  are  shown  in  Fig. 7. 

Without  an  additive  tha  knife-edge  region  (zone  3) 
must  be  irradiated  in  order  to  achieve  satisfactory 
performance .  However,  with  an  additive  in  the  gap, 
irradiation  close  to  the  circular  cross-section 
electrode  (zone  1)  yielded  reliable  operation  although 
it  required  a  higher  KrF  energy  than  in  the  previous 
case.  However,  as  asntioned  above,  the  presence  of 
significant  (15  mJ)  KrF  radiation  near  the  knife-edge 
resulted  in  poorer  rather  than  improved  performance 
when  an  additive  was  used.  Finally,  the  optimum 
performance  occurred  with  modest  KrF  irradiation 
(1  ml)  of  the  entire  intarelectroda  gap  or  even  of 
region  (4)  slightly  offset  from  the  normal  channelling 
region.  Previous  electron  density  measurements11*  were 
used  to  estimate  that  high  energy  irradiation  of  zone 


and  number  of  channels  as  a  function  of  rail- 
gap  pressure. 


(3)  may  have  produced  10 9  -  1011  electrons  cm”3  while 
for  low  flux  irradiation  10s  -  108  electrons  cm*3  were 
probably  created  in  the  gap.  These  observations,  to¬ 
gether  with  the  decrease  in  H  with  increasing  KrF  flu- 
ance  (no  additive  case)  shown  in  Fig.  3,  imply  that  a 
critical  electron  density  (M.0*  cm*3)  must  not  be 
exceeded  near  the  knife-edge.  A  possible  physical 
explanation  may  be  that  electron  densities  >10*  cm"3 
result  in  significant  overlap  of  avalanche  heads  near 
the  anode  leading  to  a  reduction  in  space  charge  fields 
thereby  inhibiting  streamer  formation.  This  is  exactly 
what  one  tries  to  achieve  when  preionizing  a  TE-leserl® 
This  critical  number  density  may  well  be  a  function  of 
V/V-  and  higher  additive  concentrations  and  KrF  flu- 
ences  may  be  tolerated  at  the  lower  operating  voltages. 
Improvement  in  the  range  of  voltages  for  which  multi¬ 
channel  breakdown  occurred  was  indeed  observed  by  using 
additives . 

It  should  be  emphasized  that  good  multichannel 
switching  for  long  charging  times  of  the  PFN  could  only 
be  obtained  when  the  laser  radiation  was  allowed  to 
enter  the  switch;  that  is,  the  additive  alone  did  not 
produce  the  good  channelling.  Furthermore,  for  fluoro- 
benzene  pressures  s  0.1  Torr  the  addition  of  an  addi¬ 
tive  did  not  significantly  alter  the  value  of  V_.  It 
was  also  determined  that  the  maximum  number  of  multi¬ 
channel  discharges  possible  with  sealed  gap  operation 
and  the  transmission  of  the  KrF  radiation  through  the 
switch  were  essentially  unaffected  by  tha  presence  of 
-rx\l  quantities  of  additlvs.  The  usefulness  of  addi- 
.as  was  demonstrated  in  another  experiment  in  which 
a  60  wJ,  300  ps  duration  Nj  laser  pulse  was  directed 
along  the  edge  electrode  of  the  1.5  cm  gap  separation 
rail-gap.  Ift  3  atm  of  pure  argon,  with  a  V.  of  “V40  kV 
only  1  or  2  channels  were  produced.  However,  the 
addition  of  t  1  Torr  of  tri-n-propy lamina1 7  (IP  s  7.2 
eV)  permitted  multichannel  (H  ■v  25  a"1)  triggered 
switching  with  a  v  io  ns,  tp  e.  20  ns  and  a  jitter  * 

5  ns . 

CONCLUSIONS 

In  this  paper  we  have  demonstrated  that  unfocussed 
laser  radiation  in  the  near  UV  (1900  A  -  3400  X)  of 
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Tab  Is  IX 


Rail *Gap  Crossection 


KrF 


Irradiation 

Zone 

td(ns) 

cr(ns) 

N(m'1) 

No 

1  (lOmJ) 

100 

20 

6 

Additive 

3  (0.5*J) 

30 

10 

30 

1  (3mJ) 

30 

15 

6 

3  (ImJ) 

30 

10 

20 

•uO.l  Torr 

3  (15mJ) 

50 

25 

5 

fluorobenzene 

l+2+3(lmJ> 

30 

10 

30 

Additive 

4  (3sJ) 

30 

10 

30 

Fig.  7.  Effect  of  flux  level  and  spatial  distribution 
of  the  laser  radiation  on  switch  performance 

for  V/V0  •%  0.9. 
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modest  energy  (0.1  -  100  &J)  and  pulse  durations  of 
300  pa  to  IS  ns  can  produce  multichannel  breakdown  of 
an  edge-plane  rail-gap  switch  with  a  jitter  of  a  few 
nanoseconds . 

Aa  yet  the  initiation  mechanism  of  multichannel 
breakdown  is  not  clear  and  further  experiments  using 
streak  photography  to  understand  the  spatial  and  tem¬ 
poral  development  of  the  avalanche  to  streamer  process 
are  needed.  The  Initiating  electrons  may  result  from 
photoionization  of  metastable  Ar»  since  the  cross- 
sections1*  can  be  quite  substantial  at  wevelengths_in 
the  near  UV  or  by  electron  photodetachment1*  of  SFj , 
SFj,  F  etc.,  or  possibly  by  aultiphoton  ionization  of 
low  ionisation  potential  impurities  or  gas  additives. 
The  fact  that  the  polarity  on  the  knife-edge  electrode 
must  be  positive  seams  to  rule  out  electron  production 
at  the  electrode  by  means  of  the  photoelectric  affect. 

Table  II  summarizes  the  data  obtained  with  the 
l.S  and  3.7  cm  gap  spacings  whan  using  •v  15  mJ  of  KrF 


Summary  of  Important  Laser  Trieaered 
Rail-Gap  Parameters3 


Gap  Soaclns 


1.5  cm 

3.7  cm 

Vg  (kV) 

SO 

140 

IPK  (VA) 

20 

35 

td  (ns) 

10 

30 

tr  (ns) 

8 

11 

N  (sf1) 

35 

30 

Jitter  (ns) 

-v3 

•v5 

a 

2 

1.7 

3  The  data  were  obtained  for  a  2.4  atm  10X  SF,  90ZAT 
gas  mix,  a  tc  of  0.8  us  and  a  V/Vg%  0.8.  6 


radiation  and  a  small  concentration  (s  lm  Torn)  of 
fluorobenzene  additive.  The  important  parameters 
necessary  to  achieve  reliable  performance  are: 

-  positive  ground  polarity  on  the  knife-edge 
electrode 

-  -V  10%  SFg  ,  90%  Ar  gas  mix 

-  2-3  atm  gas  pressure 

-  irradiation  of  the  entire  interelectrode  gap 
by  a  laser  beam  propagating  parallel  to  the 
electrodes 

-  use  of  an  additive  matched  to  the  lasing  wave¬ 
length  to  enhance  the  ionization  yield. 

The  technique  was  succsssfully  scalsd  from  a  gap 
separation  of  1.5  cm  to  3.7  cm  and  may  well  be  scalable 
to  larger  gap  spacings.  Furthermore ,  the  device 
should,  in  principle,  be  scalable  to  gap  lengths  of 
sevsral  meters  due  to  the  high  transmission  of  the  KrF 
beam  and  the  availability  of  low  divergence  coherent 
UV  sources.  However,  the  Increased  optical  transit 
tims  may  nscsssitats  the  use  of  several  trigger  beams. 
No  attempt  to  operate  the  device  at  high  repetition 
rates  has  been  made;  however,  the  availability  of 
consercial  UV  lasers  capable  of  ISO  Hz  operation 
should  permit  the  investigation  of  high  repetition  rats 
switching. 

In  conclusion,  ws  believe  that  this  technique  pro¬ 
vides  a  simple,  yet  reliable  method  of  triggering  urnny 
rail-gaps  by  an  extarnal  source  with  nanosecond  jitter. 
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Summary 

We  have  designed,  built,  and  charac- 
terlzed  uv  prei 1 1 uminated  gas  switches  for  a 
trigger  circuit  and  a  low  inductance  dis¬ 
charge  circuit.  These  switches  have  been 
incorporated  Into  a  54X76X150cm  pulser  module 
to  produce  a  1  Ma  output  current  rising  at 
5X10“  amps/sec  with  1  ns  jitter.  Twenty 
such  modules  will  be  used  on  the  Nova  Iner¬ 
tial  Confinement  Fusion  Laser  System  for 
plasma  retropulse  shutters. 

Introduction 

We  are  developing  a  compact  highly 
reliable  pulser*  to  be  used  as  a  system 
component  on  the  Nova  laser.  A  prototype 
unit  has  been  built  and  tested.  The  pulser 
contains  8  capacitors  connected  through  4 
rail-gap  switches  and  a  coaxial  feedthrough 
to  an  exploding  wire.  When  charged  to  50  kV 
the  pulser  applies  1  Ha  rising  at 
5X10l?a/sec  to  the  load. 

The  pulser  is  shown  in  perspective  in 
figures  1  and  2,  and  in  crossection  in  figure 
3.  The  active  portion  of  the  pulser  Is 
essentially  coaxial  with  no  exposed  edges.  A 
guiding  philosophy  of  the  design  has  been  to 
use  10-20  nh  components  (l.e.,  capacitors  and 
switches)  that  are  within  the  state  of  the 
art,  and  to  re-engineer  them  to  Improve  per¬ 
formance  and  reliability. 

A  main  feature  of  the  gulser  is  the  one 
piece  elastomer  insulator**?.  it  gaskets 
against  the  capacitors  and  switches  to  pre¬ 
vent  interface  tracking.  Because  of  Its 
resistance  to  corona  It  requires  no  addi¬ 
tional  grading  material.  It  conforms  to  the 
conductor  surface  and  maintains  contact  after 
each  magnetically  Induced  Impulses.  The 
silicon#  elastomer?,  has  a  median  dielec¬ 
tric  strength  of  1.12  MV/cm,  and  exhibits  a 
threshold  breakdown  strength  of  0.61  MV/cm 
below  which  extrenely  long  life  Is  obtained. 

Circuit 

An  equivalent  circuit  of  the  pulser  is 
shown  In  figure  4.  It  consists  of  a  trigger 
section  and  a  main  discharge  circuit.  In  the 
final  application  In  Nova,  the  trigger  signal 
will  be  delivered  via  fiber  optics  from  the 
Nova  master  oscillator.  As  presently  con¬ 
figured,  for  testing  of  the  prototype  pulser, 
the  signal  is  generated  by  a  logic  module. 

The  logic  signal  fires  a  Pulsepak 
10  A  through  a  transformer  to  provide  a  40  kV 
trigger  signal  with  1  ns  Jitter  to  the 
trigger  section.  This  signal  simultaneously 
uv  irradiates  the  trigger  gap  and  applies  a 
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trigger  voltage  to  the  trigger  electrode.  In 
the  final  system  the  trigger  circuitry  will 
be  totally  redundant  as  required  to  provide 
reliability.  The  voltage  generated  by  the 
trigger  section  Is  likewise  applied  to  the 
main  rail-gap  to  provide  uv  and  trigger  vol¬ 
tage. 

In  the  main  discharge  circuit,  the 
capacitors,  switch,  and  Insulator  each  con¬ 
tribute  3  nh  to  the  loop  Inductance.  The 
total  loop  inductance,  including  strays.  Is 
10  nh. 

Trigger  Switch 

The  trigger  switch,  shown  In  figure  5, 
was  constructed  several  years  ago  using  a 
Tachlsto  501  switch  body’.  The  trigger  and 
illuminator  electrodes  were  retrofitted  into 
the  switch  body  in  anology  with  the  Pulsar 
SW50K  gap**®.  All  electrodes  are  elkonlte, 
a  copper-tungsten  material.  The  small  gap 
between  the  trigger  and  Illuminator  electrode 
breaks  first  upon  receipt  of  the  trigger  sig¬ 
nal.  This  electrically  bridges  the  trigger 
electrode  to  the  Illuminator  electrode  and 
simultaneously  floods  the  main  gap  with  uv. 
The  trigger  electrode  Is  positioned  2/3  of 
the  distance  from  the  high  voltage  electrode 
toward  the  ground  electrode.  The  trlggger 
polarity  Is  selected  to  break  the  wide  gap 
first.  Thereafter  the  full  gap  voltage  Is 
placed  across  the  narrower  gap  breaking  It. 
This  trigger  approach  has  been  used  for  over 
two  years  In  several  pulsers,  and  has  exhib¬ 
ited  negligible  erosion  or  shift  in  operating 
point. 

Main  Rail-Gap 

The  main  discharge  switch,  a  rectangular 
assembly,  contains  four  separate  rail-gaps  In 
one  envelope.  Each  ra4i-gap  has  two  21  cm 
rails  which  are  graded  at  the  ends  and  a 
larger  trigger  blade  spaced  2/3  of  the  dis¬ 
tance  from  the  high  voltage  electrode  toward 
the  ground  electrode.  The  electrodes  at 
present  are  brass.  At  each  end  of  the  main 
gap  Is  a  pair  of  elkonlte  uv  Illuminator 
electrodes.  A  40-50  k V  trigger  pulse  with  8 
ns  risetime  Is  simultaneously  applied  to  the 
trigger  blade  and  through  current  limiting 
resistors  to  the  Illuminator  gaps.  Alter- 
natively,  the  trigger  pulse  is  brought  first 
through  the  illuminator  electrodes  where  It 
Is  sharpened  and  produces  uv,  and  then  on  to 
the  trigger  electrodes.  In  either  case,  the 
Illuminator  gap  breaks  first  by  vlrture  of 
its  small  space  and  high  field  enhancement. 
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The  switch  body  was  cast  from  mica 
filled  epoxy.  Internal  contours  on  the  epoxy 
serve  to  Increase  the  creep  path  length  and 
most  Importantly  to  shadow  regions  of  the 
Insulator  from  both  uv  and  debris  from  the 
main  arc.  Nonconductl ve  silicone  g-rlngs  .are 
hidden  from  the  expanding  gases  to  prevent 
conductive  contaminants  from  re-entering  the 
gap. 

The  bottom  of  the  switch  Is  held  In  com¬ 
pression  against  the  silicone  Insulator  to 
prevent  tracking.  As  an  aside,  the  capac¬ 
itors  have  a  thin  layer  of  sll-lcone  cast  onto 
the  flat  face  between  the  rail  headers,  and 
are  compressed  against  the  elastomer.  The 
capacitors  are  connected  via  a  compression 
leaf  spring  to  one  side  of  the  switch.  The 
center  of  the  switch  is  bolted  to  the  center 
of  the  coaxial  feedthrough.  The  electrodes 
are  aligned  and  fixed  In  position  with  a  jig 
prior  to  final  switch  assembly.  One  version 
of  the  switch  contains  a  transparent  plexl- 
glas  top  to  permit  observation  of  streamer 
channel  formation.  * 

The  function  of  the  uv  prel 1 lumlnatlon 
Is  to  produce  free  electrons  and  atoms  with 
metastable  levels  throughout  the  main  gap.  A 
90:10  mixture  of  Ar:SFg  9«s  Is  used  as  the 
fill  gas.  The  electrons  produced  by  the  pre- 
lllumlnatlon  help  In  Initiating  avalanches 
and  streamers  and  also  cause  precise  closing 
of  the  streamers.®*7  The  two  features  of 
the  prel 1 1 umatlon  are  that  It  reduces  Jitter 
and  It  minimizes  Increase  of  jitter  with 
erosion  of  the  trigger  blade  edge. 

The  cascade  gap,  wherein  a  larger  gap  Is 
broken  first  by  the  trigger  voltage  and  then 
the  smaller  half  Is  broken  by  the  gap  voltage 
has  been  used  for  many  years. 8,9,10,11, 12 
We  have  demonstrated  analytically,  and  con¬ 
firmed  experimentally,  that  an  optimum 
trigger  voltage  exists  which  Is  slightly 
below  the  main  gap  voltage  to  produce  reli¬ 
able  cascade  operation.  Clearly  a  separate 
region  of  operation  exists  for  higher  trigger 
voltages®**  which  will  cause  both  gaps  to 
close  nearly  simultaneously.  From  a  system 
point  of  view,  the  cascade  region  has  bene¬ 
fits  because  of  Its  lower  trigger  require¬ 
ment,  and  we  have  therefore  selected  this 
mode. 

We  have  constructed  the  pulser  and  run 
It  for  the  past  several  months  with  no 
problems.  The  Jitter  from  the  Input  of  the 
pulser  module  to  the  switched  current  as  mon¬ 
itored  by  the  leading  edge  of  magnetic  field 
monitors  (B-dot  probes)  was  1  ns.  Addi¬ 
tionally,  although  not  required  for  the 
Inductance  of  the  pulser,  unlformally  dls- 
trlbutted  multichannels  have  occurred.  The 
multichannel  operation  helps  mlmlmlze  elec¬ 
trode  erosion. 

Conclusion 

In  the  short  term,  the  pulser  has  oper¬ 
ated  perfectly.  Toward  very  long  term,  reli¬ 
able  operation  on  Nova  we  are  examlng  alter¬ 
nate  switch  gas  (ArzNg'.SFg)  and  electrode 
material  (Schwarzkoph  K 2 S  eopper  tungsten, 
POCO  AXFSWC  and  ACF10W  graphites).  The  goals 
are  to  obtain  minimum  erosion,  minimum  shift 


in  operating  point,  and  minimum  prefire  with 
age. 
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Figure  I  Nova  retropulse  plasma  shutter 
module.  The  pul ser contal ns 
capacitors,  switches  and  Insula¬ 
tor.  The  electrical  pulse  vapor¬ 
izes  a  wire  and,  with  rallgun 
electrodes,  propels  the  plasma 
across  a  laser  beampath.  The 
plasma  protects  the  laser  from 
light  reflected  back  from  the 
target. 


Figure  3  Crossectlon  of  Nova  plasma  shut¬ 
ter  module  showing  location  of 
capacitors,  switches  and  the 
elastomer  insulator  that  connects 
these  components  to  the  plasma 
load. 


Figure  2  Pulsar  module  showing  essentially 
coaxial  arrangement  of  capacitors 
and  switches.  The  trigger  unit 
along  with  all  high  voltage  com¬ 
ponents  are  contained  In  an  elec- 
tromegnetlcal 1y  shielded  box. 


Figure  4  Equivalent  circuit  of  pulser 

showing  main  discharge  loop  from 
the  capacitor  to  the  plasma.  The 
trigger  circuit  provides  both 
trigger  voltage  and  uv  prellluml- 
nation. 
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NOTICE 


Xf**  output 


u  U 
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express  or  implied,  or  assumes  any  legal  liability  or  responsibility  for  the 
accuracy,  completeness  or  usefulness  of  any  information,  apparatus, 
product  or  process  disclosed,  or  represents  that  tts  use  would  not  mfnage 
privately -owned  rights. 

Reference  to  a  company  or  product  name  docs  not  imply  approval  or 
recommendation  of  the  product  by  the  University  of  California  ot  the  U.S. 
Department  of  Energy  to  the  exclusion  of  others  that  may  be  suitable. 


Figure  5  Uv  prel I luml nated  trigger  switch 
assembly. 


Trimr  input 
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Figure  6  Uv  prel lluml nated  rail-gap  as¬ 
sembly. 
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X-RAY  TRIGGERED  SWITCHING  IN  SF6  INSULATED  SPARK  GAPS* 
E.  L.  Kuu 

Sandla  National  Laboratories,  Albuquerque,  Naw  Mexico  8718S 


Abatract 

Savaral  methods  ara  balng  investigated  for  trig¬ 
gering  low-Jltter  praaaurlxad,  SP^-lnsulated  a park 
gap a  operating  at  3  NT  with  the  capability  of  awltchlnt 
hundreda  of  klloamperes.  One  aathod,  which  la  locatad 
external  to  the  aaln  currant  carrying  please  channel, 
uaaa  pulaed  x-rays  to  generate  Ionization  within  the 
working  gaa  voluae  to  Initiate  low  Jitter  gaa  break¬ 
down.  In  thia  paper,  a  nodal  of  gaa  breakdown  with 
x-ray  ionization  la  developed  and  reaulta  of  two  aarlea 
of  axperlnenta  are  deacrlbed.  One  experiaant  uaad 
33  kV  with  a  1.83  an  gap  and  the  other  uaad  1  MV  with 
a  7.62  ca  gap.  Both  experlaenta  uaad  a  600  kV  Pabetron 
706  flaeh  x-ray  aourca  to  deaonetrate  the  faaeiblllty 
of  ualng  pulaed  x-raya  aa  a  means  of  triggering  SFg 
Insulated  gape  with  nenoaecond  Jitter. 


where  FEF  la  the  field  enhaneeaent  factor  for  the  moat 
highly  atreaaed  region  In  the  gap.  P/PQ  la  the 
noraallzed  praaaure  In  ataoapherea.  An  avalanche 
growing  Into  a  region  where  the  FEF  la  decreaaing  aay 
enter  a  region  with  a  local  value  of  E/P  below 
117  volta/ca/an  of  Hg.  The  electron  nuaber  density 
will  then  decrease  and  tha  avalanche  proceaa  will  atop. 
The  affect  of  spatial  variation  In  the  FEF  over  the 
avalanche  growth  length,  for  the  gaps  discussed  la  this 
report,  was  evaluated  by  numerical  Integration  of  the 
Townsend  growth  equation.  The  nonrunlform  FEF  changed 
the  DC  breakdown  value,  as  calculated  frost  Eq.  (1),  by 
leas  than  1  percent.  Fields  only  slightly  In  axceaa 
of  those  given  by  Eq.  (1)  are  sufficient  In  SF6  to 
causa  the  avalanche  to  reach  the  Raether  criterion  In 
a  few  nanoseconds  while  traveling  a  few  tenths  of  a 
allllneter. 


Introduction 


piled  Field  Case 


Mult image volt,  SF^-lnsulated  spark  gaps  are  used 
In  the  power  compression  process  of  large  particle 
bean  accelaratora.  The  switch  closura  Jitter  becomes 
critical  when  many  twitches  are  required  to  dots 
simultaneously.  In  large,  physically-distributed, 
multlmodula,  short-pulse  accelaratora,  such  aa  tha 
30  TV  Particle  Beam  Fusion  Accelerator  PBFA,  36 
switches  must  dose  within  a  7  ns  tins  window.  Trlga- 
trona  and  ocher  gaps  with  trigger  electrodes  located 
In  the  peth  of  the  current  carrying  plains  suffer 
erosion  of  the  triggering  electrode,  which  Increases 
the  Jitter  In  switch  closure  time.  Electron  bean1  and 
lasers2  nay  be  uaad  to  Initiate  tha  breakdown  procesa. 
However  these  triggers  suffer  dange  to  input  windows 
or  lenses  In  switches  carrying  several  hundred  kllo- 
amperss.  Illumination  of  the  switch  cathode  surface 
with  UV  radiation  reduces  tha  statistical  tin  lag  in 
starting  avalanches,  and  UV  Illumination  of  Che  gas 
volun  can  control  tha  velocity  of  the  streanr  phase 
In  the  breakdown  process.*  This  paper  presents 
experimental  results  using  a  pulsed  x-ray  source  to 
llberste  electrons  from  the  electrode  surfaces.  These 
electrons  In  turn  deposit  charge  In  the  Insulating  gaa 
volun,  pralonlze  the  gas,  and  thus  control  the 
switching  tin. 


Tha  tin  required  for  spark  gap  breakdown  In  a 
pulsed  field  Is  composed  of  three  tin  Intervals. 

First,  the  tin  required  for  tha  appearance  of  the 
Initial  elaetron  to  start  tha  avalanche  Is  known  aa 
Che  statistical  delay.  The  Initial  electron  ny  be 
pulled  from  tha  cathode  surface  by  field  emission  or 
Che  initiating  electron  ny  be  detached  from  a  negative 
Ion  by  the  applied  field. 

Tha  second  tin  Interval  In  the  sperk  breakdown 
process  Is  known  as  tha  fonatlve  tin.  During  Chts 
tin  interval  the  Initial  electron  Is  accelerated  by 
the  applied  field  and  generates  new  free  electrons 
through  collisions  with  gas  molecules.  Tha  rate  of 
generation  is  given  by  the  first  Townsend  coefficient 
for  tha  gas  used  In  the  gap.  Elactrongatlva  gases 
have  an  equivalent  coefficient  which  Is  nda  up  of 
attachnnt  and  generation  coefficients,  usually  given 
aa  a  function  of  E/P.  Data  on  experimentally  measured 
spark  formative  times  In  SFg  by  Felsenthal  and  Proud3 
have  been  combined  with  data  on  attachment  and  Ioniza¬ 
tion  coefficients  by  Bhalla  and  Craggs3  to  give  an 
equation  for  tha  electron  drift  velocity,  In  the 
avalanche  phase,  as 


Breakdown  Modellnx 


Insulated  Caps 


-  2.39  x  107  +  1.49  x  10s  E/P  cm/s 


piled  Field  Case 


Electronegative  gases,  such  as  SFg,  exhibit  an 
electron  capture  process  which  competes  with  the  first 
Townsend  Ionisation  process  la  a  gap  with  an  appllad 
field.  Below  a  critical  value  of  E/P,  the  ratio  of 
the  electric  field  to  the  pressure,  the  sttschment 
process  removes  electrons  from  the  avalanche  faster 
than  they  are  generated.  At  117  volts/em/m  of  Hg  la 
SFg,  the  attachment  and  generation  coefficients  ara 
equal.3  Breakdown  can  occur  at  this  or  aay  greater 
value  of  E/P  provided  the  gap  Is  wide  enough  to  allow 
the  number  density  at  the  tip  of  the  avalanche  to 
reach  10*/ec .  This  Is  the  Raether  condition  for  con¬ 
version  of  the  avalanche  to  a  streamer.3  A  gap  with 
a  non-uniform  field  dletrlbntlon  has  a  DC  breakdown 
field  given  by 


('oX"7) 
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under  Contract  DE-AC04-76-0F00789. 


where  E/P  Is  in  volts/cm/a  of  Hg. 

The  tine  and  distance  required  for  an  avalanche  to 
reach  an  electron  number  density  of  10s /cc  have  been 
computed  by  assuming  a  uniform  field  enhancement  factor 
over  the  avalanche  growth  length  for  the  time  varying 
fields  used  In  the  experiments.  Tha  formative  times 
calculated  are  a  few  nanoseconds  with  avalanche  growth 
lengths  of  from  a  few  tentha  of  a  allllneter  to  a  few 
millimeters.  Exact  values  ara  given  In  the  dlscusaslon 
of  the  experimental  results. 

The  third  time  Interval  In  tha  spark  breakdown 
process  is  the  streamer  phase.  Propagation  of  ioniza¬ 
tion  fronts  across  the  gap  In  the  streamer  phase  aay 
reach  10iu  cm/a.  Streamer  velocity  has  been  shown 
to  be  s  function  of  tha  charge  density  present  In  the 
gas  volume*  and  Is  proportional  to  one  over  the  cube 
root  of  such  existing  charge  density.7  The  streamer 
phase  Is  terminated  with  tha  appearance  of  a  low 
Impedance  plasma  channel  which  than  carries  the  full 
switched  circuit  current. 
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The  Initial  experiment  used  a  DC  or  pulaa  char gad, 
Sf6  lnaulatad,  1.83  ms  long  gap.  Tha  brasa  aooda  la 
S  cm  In  dlaaatar  with  0.3  a  radlua  of  tha  edges  whlla 
tha  cathoda  ta  a  3.2  an  thick  aluminum  ahaat.  Both 
alactrodaa  wara  baad  blaatad  and  daanad  bafora 
baginning  tha  braakdovn  experiments. 

A  DC  aalf-braak  curve  versus  praaaura  for  thia  gap 
la  given  In  Fig.  1  and  agraaa  with  valuaa  obtalnad 
from  Eq.  (1)  whan  allowanca  la  aada  for  tha  ahort  gap 
length.  Slnca  acattar  In  tha  breakdown  voltage  waa 
obaerved  to  lncraaaa  significantly  above  25  pala,  thla 
praaaura  waa  uaed  In  all  x-ray  triggered  axparlaanta. 


mssm.  -  mi 


Fig.  1.  DC  breakdown  voltage  va.  SFfi  praaaura  1.83  an 
gap. 


The  circuit  ahown  la  Fig.  2  waa  uaad  to  pulaa 
charge  a  0.0*  fit  capacitor,  acroaa  which  tha  gap  waa 
placed.  In  1.1  /la.  Breakdown  tlalng  lnforaatlon  waa 
obtained  f row  a  B-dot  coll  aonltorlng  gap  currant  and 
froa  a  raalatlva  voltage  nonltor  nounted  acroaa  the 
gap.  Tha  output  of  tha  600  kV  Febetron  waa  nonltorad 
with  a  PtH  diode  which  ana  tlaa  correlated  with  tha 
other  aoultora. 


Fig.  2.  1.83  m  pulaa  teat  circuit. 


The  aeaaured  DC  breakdown  voltaga  of  tha  1.83  am 
gap  at  25  pala  waa  29.5  kV  whlla  tha  alnlnun  pulaed 
aelf-breakdown  waa  56  kV.  Tha  calculated  fornatlva 
tine  for  theea  coodltlone  la  4.5  na  with  an  avalancha 
length  of  1.83  aa.  Tha  overvoltage  preaent  In  the 
pulaed  breakdown  nay  be  due  to  a  long  atatlatlcal 
delay.  Slnca  tha  voluae  of  gaa  between  the  alactrodaa 
la  anall  and  alnca  the  Initiating  electron  hae  to 
appear  near  the  cathoda  In  ordar  to  reach  tha  leather 
condition  within  the  gap  length,  a  long  atatlatlcal 
delay  night  raault. 

X-ray  breakdown  of  thla  gap  waa  Initiated  with  tha 
Febetron  source  located  5  cm  behind  tha  alunlnua 
cathode.  A  CTLTRAH®  code  aiaulatlon  for  theaa 
conditions  predlcca  an  Ion  density  In  tha  gap  of 
4  x  1013  pairs/cc.  Tha  timing  of  the  flash  x-ray 
source  waa  adjusted  to  provide  Ionization  In  tha  gap 
at  35  kV  on  tha  applied  voltaga  waveform.  This 
corresponds  to  an  applied  field  of  191  kV/en  and  an 
E/P  value  of  148  volts/ca/an  of  Hg  which  la  above  tha 
DC  breakdown  value.  Tha  standard  deviation  In  gap 
closure  time,  aa  measured  from  the  tlaa  difference 
between  tha  PIN  diode  signal  and  tha  break  In  tha 
voltage  wavafora,  was  1.3  na.  Tha  total  spread  la  12 
shots  was  3  ns  with  a  delay  of  approximately  2  na.  The 
Intensity  of  tha  source  waa  than  reduced  8  to  9  orders 
of  magnitude  with  shielding  blocks.  The  daisy  In 
switch  closure  Increased  to  10  na  but  nanoeecond  jitter 
in  tha  gap  closure  time  waa  maintained.  In  this  x-ray 
triggered  gap,  tha  Febetron  supplies  tha  electrons  to 
Initiate  the  avalancha  and  the  breakdown  time  la 
governed  by  the  formative  time  of  the  avalanche. 


7.62  cm  Cap 


oerimenta  at  l  nv 


The  second  aarlee  of  experiments  used  a  modified 
3  MV  trlgatron  with  conditioned  hemispherical  stainless 
steel  electrodea  spaced  7.62  cm  apart.  Figure  3  shows 
a  croaa  sectional  view  of  the  gap  with  10  percent 
aqulpotentlala  plotted  by  the  electrostatic  field 
solver  JASOH.  The  variation  In  field  enhancement 
factor  with  axial  position  la  given  In  Fig.  4. 


Fig.  3.  Modified  3  MV  trlgatron  -  10  percent 
aqulpotentlala. 
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POSITION  -  Z  -  a 


Fig.  4.  Field  enhancement  factor  vs.  axial  gap  posi¬ 
tion,  7.62  cb  gap. 


The  Marx  generator  and  Intermediate  store  capaci¬ 
tor  in  the  Mite  accelerator10  ware  used  to  pulse 
charge  the  gap  to  peak  voltage  in  900  na  using  the 
circuit  shown  in  Fig.  5.  The  1.7S  ft  load  resistor 
Halted  peak  currents  through  the  twitch  to  144  kA  with 
an  applied  voltage  of  1.2  MV .  The  closure  of  the 
switch  was  aonltored  by  a  kogowski  loop  in  the  twitch 
ground  circuit,  and  the  firing  tiaa  of  the  600  kV 
Fabetron  x-ray  source  was  aonltored  with  a  PIN  diode. 
Accurate  aeaauraaents  of  the  tine  diffaranca  between 
the  togowskl  and  PIN  diode  signals  was  obtained  with  a 
CAHAC  digital  tyatea  which  has  a  tine  resolution  of 
250  ps.  All  signals  ware  simultaneously  displayed  on 
fast  dual  baaa  oscilloscopes.  The  Fabetron  source 
target  was  physically  located  135  ca  froa  the  axis  of 
the  switch.  The  dose  at  the  switch  axis  was  approxl- 
aately  0.75  ar  which  corresponds  to  a  deposited  charge 
density  of  5  x  1010  palrs/cc  in  the  gas  voluae. 


Rj  •  5.1«n  CVR,  *2  -  .916n,Rj  -  862 •  1.1  n 
R;  •  1.75o,  R$  -  5noCVR.  Ryg.Ryj  -  5000:1  Hon  I  TO* 
Cj  *  41.5  *F.  Cj  -  19.4  «F 
Lj  -  5.55  »H,  l2  -  0.2  aH 

Fig.  5.  Mite  switch  test  circuit. 


The  pulse-charged  self-breakdown  curve  for  this 
switch  is  given  in  Fig.  6  in  addition  to  the  calculated 
DC  breakdown  curve.  The  gas  pressure  in  the  switch  and 
the  Marx  charging  voltage  were  adjusted  in  each  case 
Co  aalnealn  switch  breakdown  at  600  to  650  a*  into  the 
charging  wavefora.  An  operating  pressure  of  25  psla 
was  selected  for  x-ray  triggering  experlaents  and  17 
self-braak  shots  gave  an  average  pulsed  self-break 
voltage  of  1.21  MV  with  a  standard  deviation  of 
1.8  percent. 
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Fig.  6.  Self  breakdown  voltage  vs.  pressure,  7.62  ca 
gap. 

The  first  test  with  the  Fabetron  x-ray  source, 
which  had  a  3  na  wide  output  pulse.  Involved  firing 
the  Fabetron  froa  0  to  500  ns  before  the  calculated  DC 
breakdown  level  was  reached  on  the  pulsed  wavefora. 
Breakdown  was  stabilised  at  923  kV  with  a  standard 
deviation  of  1.5  percent  in  12  shot*.  Switch  closure 
occurred  80  ns  after  the  voltage  exceeded  the  DC  break¬ 
down  value  and  was  Independent  of  Che  tlae  between  the 
x-ray  pulse  and  the  DC  breakdown  point.  If  net  ionisa¬ 
tion  produced  by  the  x-ray  source  removed  any  statisti¬ 
cal  delay  in  Che  start  of  Che  Townsend  avalanche,  then 
the  clae  for  the  combined  avalanche  and  streamer  phase* 
is  80  ns.  The  avalanche  length  for  this  geometry  and 
field  enhancement  factor  la  0.5  am  and  the  formative 
tins  required  to  reach  10s  ion  palrs/cc  is  approxi¬ 
mately  1.1  ns.  Therefore,  the  streamer  transit  time 
is  79  ns  and  the  average  steamer  velocity  is 
9.6  x  10'  ca/s.  Without  the  Fabetron,  the  tins 
between  the  DC  breakdown  level  of  732  kV  and  the  pulsed 
self-braak  level  of  1.21  MV  was  220  na.  If  statistical 
delay  is  neglected  for  the  moment,  then  the  average 
streamer-velocity  without  x-ray  Induced  charge  is 
3.5  x  10'  ca/s.  This  is  approximately  the  same  as  the 
electron  drift  velocity  in  the  avalanche  phase  for  the 
experimental  conditions.  The  charge  deposited  by  the 
Fabetron  increased  the  average  streamer  velocity  by  a 
factor  of  2.7.  Experimental  results  will  be  given  in 
the  next  section  to  show  that  the  statistical  delay  is 
in  fact  negligible  for  the  7.62  ca  gap  experlaents. 
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Th«  doing  of  tha  Febatron  was  delayed  for  the 
second  aeries  of  experiments  so  that  the  Febatron  would 
deposit  charge  in  the  gap  after  the  DC  breakdown  level 
but  before  the  straaaers  would  normally  have  closed  the 
gap.  The  aean  delay  between  the  x-ray  Induced  ioniza¬ 
tion  and  gap  closure  was  55. 1  ns  with  a  standard  devia¬ 
tion  of  10.5  ns  which  is  1.75  percent  of  che  total 
switching  tins.  According  to  the  model  of  switch 
operation  presented  in  this  paper,  the  streamer  in 
this  case  starts  out  from  essentially  the  DC  level  on 
the  pulsed  waveform  (because  of  the  short  time  and 
distance  in  the  avalanche  phase)  and  travels  at 
3.5  x  10'  cm/s  until  tha  x-rays  deposit  charge  in  the 
switch  gas.  Ac  this  time  the  screamer  velocity 
increases  to  9.6  x  10'  cm/s  which  is  maintained  until 
the  switch  doses.  As  an  example  consider  the  data 
for  shot  5-20-13.  The  time  between  the  DC  breakdown 
level  and  the  arrival  of  the  additional  charge  la 
90  ns.  During  this  time  the  streamer,  traveling  at 
3.5  x  10'  em/s,  has  moved  3.15  cm  across  the  gap. 

The  calculated  time  for  the  avalanche  to  cross  the 
remaining  A. 47  cm  at  9.6  x  10'  cm/s  la  46.6  ns  which 
is  in  good  agreement  with  the  measured  value  of 
51.3  ns.  These  calculations  have  not  Included  any 
statistical  delay  time  but  from  the  measurements  it  is 
lass  than  a  few  nanoseconds.  Lower  breakdown  Jitter 
may  be  possible  with  higher  x-ray  doses  or  Increased 
applied  field  strengths,  tc  should  be  pointed  out 
chat  the  standard  deviation  in  the  breakdown  time  or 
amplitude  remained  approximately  a  constant  fraction 
of  the  total  switching  time  both  with  and  without  the 
extra  charge  from  the  Febatron  despite  the  change  in 
streamer  velocity.  Additional  experiments  are  planned 
using  other  field  geoswtrles  to  further  study  overall 
switch  Jitter  and  streamer  velocity  modification. 

Conclusion 
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Low  Jitter,  pressurized  SFj  Insulated  spark  gaps 
capabla  of  operating  at  voltages  of  from  2  to  3  MV  end 
currents  of  several  hundred  klloemperes  are  desired  for 
large,  distributed,  particle  beam  accelerators.  This 
report  shows  that  a  pulsed  x-ray  source  deposits  charge 
within  e  switch  gap  voluma  without  special  windows. 

The  Injected  charge  eliminates  statistical  time  lags 
and  modifies  streasMr  velocities.  Experimental  results 
for  a  1.83  am  gap  operating  at  33  kV  has  demonstrated 
closure  time  jitter  of  1.3  ns.  This  gap  probably 
operates  in  a  mode  dominated  by  statistical  and  forma¬ 
tive  time  delays  which  are  subject  to  improvement  by 
x-ray  Induced  charge  deposition.  A  mildly  divergent 
field  gap  operating  at  1  MV  with  a  spacing  of  7.62  cm 
has  demonstrated  both  x-ray  stabilized  and  x-ray 
triggered  modes  of  operation.  Gap  operation,  in  this 
case,  is  dominated  by  streamer  closure  time  and  the 
charge  produced  by  the  x-ray  source  nearly  triples  the 
average  streamer  velocity.  The  standard  deviation  of 
tha  gap  closure  time  is  approximately  1.5  percent  of 
the  total  switching  time.  Tha  measured  Jitter  of  this 
144  kA  switch  was  10.5  ns  and  is  not  directly  suitable 
for  use  in  large,  multiple-switch,  accelerators. 
Additional  experiments  are  underway  to  understand  and 
reduce  this  jitter. 
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Abstract 

A  new  family  of  cold-cathode.  Instant-start 
thyratrons  Is  now  being  developed.  Experimental 
results  are  discussed  for  this  new  serfes  of  high 
power  switches,  versions  of  which  are  now  being 
built  as  modified  EGAG  7620s  and  HV-Ss.  Instant- 
start  cathodes  used  In  smaller  tubes  at  up  to  500 
amps  peak  and  0.5  amp  average  have  been  scaled  In 
accordance  with  cathode  utilization  and  heat 
transfer  considerations.  These  cathodes  have  been 
tested  for  their  ability  to  start  reliably  from 
cold  at  full  power,  and  to  maintain  cathode 
activity  for  subsequent  cold  starts  at  elevated 
peak  and  average  currents.  Novel  reservoirs 
to  ensure  adequate  hydrogen  pressure  for  cold 
start  and  subsequent  high  power  operation  have 
been  designed  and  tested.  These  results  are 
discussed  together  with  a  description  of  measures 
taken  to  minimize  weight,  size,  and  complexity 
In  a  series  of  Instant-start,  40-klloamp,  I 
megawatt-average-power  hydrogen  thyratrons  now 
under  construction. 


Introduct ion 

The  hydrogen  thyratron  was  originally  devel¬ 
oped  to  serve  as  a  low- loss  gas  discharge  switch 
having  long  life  and  a  high  repetition  rate 
capability.  This  was  accomplished  by  using  a 
thermionic  cathode  and  low  pressure  hydrogen  for 
the  gaseous  conducting  mediue. 


The  hot  cathode  supplies  microsecond  pulses 
at  current  densities  of  10  amperes  per  square 
centimeter  of  space  charge-limited  emission.  The 
0.2  to  0.6  torr  gas  pressure  and  subsequent  plasma 
density  Is  sufficiently  high  to  give  mean  free 
paths  less  than  2  millimeters  and  Debye  lengths 
and  plasma  sheath  thicknesses  much  less  than  1 
millimeter.  As  a  consequence,  the  cathode  can  be 
folded  and  compressed  into  a  contact  structure 
with  well  defined  and  controlled  current  distribu¬ 
tion,  heat  load,  and  thermal  characteristics. 

Life  times  of  these  cathodes  are  determined  only 
by  the  slow  thermal  evaporation  rates  of  the 
emissive  material  -  a  process  that  can  take  many 
thousands  of  hours.  An  arcing  device,  such  as  a 
spark  gap  or  Ignltron,  derives  Its  emission 
from  an  arc  spot  in  which  the  energy  loss  Is  high 
and  sufficiently  concentrated  to  cause  local 
vaporization  of  the  cathode  material.  In  these 
arcing  devices,  the  emission  mechanism  requires  a 
destructive  condition,  leading  to  short  lifetimes. 

While  the  hydrogen  pressure  is  high  enough  to 
provide  thin  plasma  sheaths.  It  Is  also  low  enough 
to  provide  high  voltage  recovery  times  of  a  few 
microseconds  when  used  with  inter-electrode 
spaclngs  of  a  few  millimeters.  Hydrogen  or 
deuteri ua  is  used  because  the  low  Ion  mass  provides 


fast  de-ionization  and  completely  avoids  cathode 
damage  by  ion  bombardment.  In  addition,  the  high 
voltage  holdoff  characteristics  of  these  gases  are 
good  at  low  pressures.  Finally,  reservoir  struc¬ 
tures  can  be  incorporated  Into  devices  to  counter¬ 
act  gas  cleanup  by  the  discharge. 

Doth  the  cathode  and  reservoir  are  operated 
hot  -  several  hundred  degrees  Celsius.  They  require 
heater  power  input  while  in  operation  or  standby, 
and  require  minutes  for  warmup.  The  problems  of 
supply  and  disposal  of  this  power,  and  the  warmup 
wait,  have  became  especially  severe  with  modern 
requirements  for  power  efficiency,  light  weight, 
and  warmup  times  of  less  than  one  second. 

Efforts  to  develop  cold  cathode  hydrogen 
thyratrons  have  been  continuing  for  pearly 
40  years.  A  recent  attempt  by  VaginU)  used  a 
trigger  discharge  current  greater  than  the  switched 
main  discharge  current  In  a  thyratron-type  struc¬ 
ture  having  cold  metal  electrodes.  This  device 
had  high  time  jitter,  and  was  set  to  be  controlled 
by  means  of  the  trigger-cathode  discharge-  EGAG 
attempted  to  duplicate  these  results, W  but 
found  that  the  device  arced  uncontrollably  even  at 
current  densities  of  only  a  few  amperes  per  cm2. 
Further  Russian  work  in  this  area  evolved  into  a 
low  pressure  spark  gap,!3)  that  used  a  hollow 
cathode,  bare  metal,  high  work-f unct ion  structure 
*rf»1ch  avoided  arcing.  Difficulty  with  long, 
nonreproduclble  trigger  delay  times  was  experienced 
and  extensive  cathode  conditioning  was  only  partly 
successful  In  repressing  arcing. 

He  have  now  developed  a  thyratron  which 
overcomes  these  difficulties.  Our  Initial  work 
produced  the  plasma-heated  thyratron  designed  to 
predetermined  specifications  at  a  20  kV,  5  kW 
average  power  level. W  Hork  is  now  in  progress 
to  extend  this  capability  to  the  megawatt  average 
power  level.  The  present  development  Includes 
large-scale  cathodes,  an  Instant-start  reservoir 
structure,  and  a  lightweight,  high  voltage  envelope 
structure  combined  within  a  single  device  that-has 
the  excellent  triggering  and  life  characteristics 
of  a  standard  hydrogen  thyratron. 

Design  6oals 

General  design  goals  for  the  instant-start 
thyratrons  are: 

1)  Ratings  and  characteristics  comparable  to 
conventional  thyratrons  of  equivalent  size. 

2)  The  ability  to  start  instantly  (<I  second) 
and  repeatedly  at  full  power  without  any  warmup 
wait  or  standby  heater  power. 

3)  Grid  drive  requirements  compatible  with 
solid-state  circuitry  and  a  power  gain  of  1000  or 
more. 
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4)  Service  lifetimes  of  tens  or  hundreds  of 
high  voltage  operating  hours,  free  of  destructive 
arcing  or  other  catastrophic  degradation  as  a 
result  of  starting  or  operating. 

Specific  operating  goals  for  both  the  original 
design  and  the  present  development  are  given  in 
Table  1. 

Table  1.  Specific  operating  goals. 


Feasibility 

Demonstration 

Instant-Start 

Megawatt 

Switch 

Peak  anode  voltage, 
epy,  (kv) 

20 

40 

Peak  anode  current, 

1b,  (ka) 

O.S 

40 

DC  average  current, 
lb,  (Adc) 

0.5 

50 

RMS  average  current. 
Ip,  (Aac) 

16 

1400 

Pulse  repetition 
rate,  PRR,  (Hz) 

1000 

250 

Anode  delay  time 
drift,  Atad,  (us) 

0.5 

0.1 

Operating  Mode 

Continuous 

120  sec  burst 

Life,  operating 

(Hrs) 

(Pulses) 

500 

.1.8  x  105 

12  « 

5  x  106 

Weight 

(Pounds) 

... 

25 

To  meet  the  requirements  for  long  life,  low 
jitter,  and  low  delay  time  variation,  it  was 
evident  that  any  cathode  that  operated  in  the  arc 
mode  had  to  be  avoided.  The  use  of  a  thermionic 
oxide-coated  cathode  was  also  precluded  since  any 
structure  light  enough  to  be  heated  in  a  second  or 
less  would  be  very  susceptible  to  accidental 
arc-fault  damage.  Self-heating  of  an  oxide 
cathode  was  not  feasible  either  because  when  cold 
the  high  surface  resistance  causes  high  fields 
that  result  in  damaging  arcs.  The  objective  then 
was  to  find  a  practical  cold  witter,  using 
available  materials  having  known  properties. 

A  new  hydrogen  reservoir  material  or  structure 
was  also  needed.  Conventional  designs  use 
titanlw  hydride  operating  at  several  hundred 
degrees  Celsius.  Upon  cooling,  the  reservoir 
absorbs  most  of  the  background  hydrogen  in  the 
tube,  leaving  the  pressure  too  low  to  allow  the 
tube  to  trigger  cold.  One  possible  alternative 
to  prevent  hydrooen  re-absorption  upon  reservoir 
cooling  was  to  place  a  thermally  controlled 
palladlua  barrier  between  the  reservoir  material 
and  the  tube  Interior.  Reservoirs  of  this  type 
are  used  In  sow  commercial  thyratrons  where 
heat  generated  In  the  cathode  structure  is  used  to 
warm  the  reservoir  and  its  pal lad  tun  shell.  Current 


investigations  of  transition  metal  alloys  for 
hydrogen  storage  promise  a  way  to  develop  a  reservoir 
for  operation  at  normal  ambient  temperatures. 

With  several  potential  solutions  to  the 
reservoir  problem.  It  was  decided  to  concentrate 
on  a  solution  to  the  cathode  problw,  then  pursue 
the  reservoir,  and  finally  incorporate  both  in  a 
lightweight  tube  structure.  Preliminary  work  on 
the  cathode  has  been  successfully  completed,  and 
experiments  are  underway  to  produce  a  large  scale 
version  for  megawatt  operation,  along  with  the 
necessary  reservoir  and  envelope. 

The  Cathode 

Cathode  Concept 

The  cathode  concept  was  based  on  the  emission 
properties  of  impregnated  tungsten  used  for  cold 
cathodes  In  xenon  flashl maps  and  spark  gaps.  This 
material,  a  porous  tungsten  matrix  filled  with 
barium  alumfnate,  has  emission  properties  that 
result  from  a  barium  monolayer  formed  on  the 
surface  by  suitable  activation.  The  barlim 
eliminate  Is  contained  within  the  bulk  of  the 
material,  and  not  applied  as  a  surface  coating,  as 
with  the  oxide  cathode.  The  ten-fold  lower 
surface  resistance  that  results!5)  makes  the 
impregnated  cathode  more  suitable  to  cold-start 
operation. 

Due  to  the  low  resistivity  and  the  low  work 
function  of  the  bariim  monolayer,  heavy  pulse 
currents  can  be  drawn,  at  least  for  a  short  time, 
without  arcing.  Some  low  pressure  discharge 
devices  operate  with  current  densities  well  In 
excess  of  100  amperes/cm2.  Arcs,  If  they  do 
occur,  do  not  alter  the  cathode  properties.  Not 
only  Is  the  tungsten  matrix  resistant  to  arc 
damage,  but  arc  sputtering  uncovers  a  substrate  of 
the  same  composition  and  emission  capability  as 
the  original  surface. 

However,  during  cold  emission  the  barium 
replacement  mechanism  —  tungsten  reduction  of 
the  alumlnate  —  followed  by  migration  of  free 
barium  to  the  surface!®)  does  not  operate.  In 
cold-cathode  devices  which  are  deliberately 
allowed  to  arc,  local  intense  heating  caused  by 
the  arc  spots  allows  barium  monolayer  renewal  to 
take  place  automatically,  maintaining  the  cathode 
surface  In  an  active  condition.  In  the  thyratron, 
this  option  is  not  available:  the  cathode  cannot 
be  allowed  to  arc.  To  maintain  cathode  activity 
the  surface  must  be  heated  by  some  other  means, 
both  to  activate  It  during  manufacture,  and  to 
bring  it  to  reactivation  temperature  on  each 
operating  cycle. 

The  discharge-heated  cathode  concept  provides 
a  means  to  accomplish  this  In  a  hydrogen  thyratron. 
The  cathode  is  configured  to  be  heated  for  initial 
activation  during  manufacturing,  and  to  heat 
Itself  automatically  during  operation  by  dissipation 
in  Its  structure  and  surrounding  gas  discharge. 

Each  time  It  reaches  the  activation  temperature, 
ft  renews  itself  without  the  need  for  external 
power.  Once  the  operating  temperature  Is  achieved, 
the  monolayer  is  maintained  and  emission  takes 
place  by  normal  thermionic  processes.  At  shutdown, 
the  monolayer  remains  to  provide  emission  capability 
for  arc  prevention  during  the  next  cold  start. 

Impregnated  tungsten  has  long  been  used  for 
thyratron  cathodes,  notably  In  British  practice. 
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Typically  a  small  slug  of  material  is  run  hot, 
emitting  its  own  electrons  and  replenishing  the 
active  material  on  nearby  large-area  structures 
that  are  also  used  as  emitters.  In  the  discharge- 
headed  cathode,  this  material  is  used  differently, 
particularly  during  the  first  seconds  of  operation. 

The  unique  ability  of  the  cold  material  to  emit 
without  arcing,  for  a  few  moments  at  least,  allows 
the  corners  and  surfaces  of  the  emitting  structure 
to  be  heated,  thus  starting  the  flow  c'  therm ionic  ally 
emitted  electrons. 

In  applying  this  concept,  several  uncertainties 
were  encountered:  how  much  emission  could 
be  drawn  from  the  cold  material  without  excessive 
arcing;  would  the  proposed  self-heating  be  fast 
enough  to  prevent  such  arcing;  how  would  the 
triggering  characteristics  be  affected  during  the 
transition  from  cold  to  hot  operation;  what 
current  distribution  was  to  be  expected  for  a 
geometrically  complex  structure  arranged  for 
discharge  heating;  and  what  the  proper  geometry 
was  for  the  cathode  itself. 

Tet,  preliminary  experiments  showed  that 
sufficient  non-destructive  and  precisely  triggerable 
cold-cathode  emission  could  be  obtained  from  a 
structure  of  reasonable  size,  and  tube  behavior 
could  be  predicted  despite  the  need  for  many 
estimations  and  simplifying  assumptions.  The  goal 
of  an  Instantly  starting  thyratron  was  then  soon 
realized  in  a  practical  tube. 
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Figure  1.  Experimental  Inetant-SCart  Thyratron. 


Experimental  Tube  Oesign 

The  design  goals  for  the  feasibility  studies 
were  appropriate  to  a  2-1nch  diameter  thyratron  as 
the  test  vehicle.  Thyratrons  of  this  size  are 
convenient  to  build  and  test  to  obtain  scaling 
information.  Boundary  effects,  construction,  and 
cost  are  minimized.  Accordingly,  a  series  of 
tubes  was  made  from  parts  commonly  used  for  the 
EGU  HY- 10/7620  thyratron.  a  20  kV,  5  kU  tube. 

The  only  major  departures  from  conventional 
designs  were  the  new  cathodes  and  the  thermally 
isolated  reservoirs.  The  reservoirs  are  standard 
assemblies  in  enclosures  attached  to  the  main 
envelope  by  tubing.  (A  typical  tube  is  shown 
in  Figure  1.)  The  cathode  was  heated  directly  via 
a  heavy-duty  feed-through  during  processing  and 
activation.  This  feature  also  allowed  the  tube  to 
be  operated  in  a  conventional  hot  cathode  mode  for 
diagnostic  purposes.  An  auxiliary  grid  supplied 
pre-trigger  ionization.  The  heat  shields  and 
spacings  of  various  electrodes  were  arranged  to 
prevent  long  path  discharges  during  cold  cathode 
start-up  operation,  except  to  the  emitter  surface. 

Similar  tubes  are  being  planned,  built,  and 
tested  for  high  power  operation  using  4.S-  and 
8-1nch  diameter  envelopes  to  verify  scaling  to 
megawatt  average  power  operation. 

Cathode  Design 

To  design  a  thyratron  that  met  the  specifica¬ 
tions  given  in  Table  1,  the  pulsed  emission 
capability  of  the  cathode  material  when  cold  had 
to. be  established  first.  The  geometry,  current 
density  distribution,  heat  balance,  and  warmup  of 
the  cathode  were  dependent  on  these  values. 

To  characterize  the  material,  a  variety  of 
tubes  were  built  and  tested.  Figure  2  shows 
some  of  the  cathode  configurations  used. 


Figure  2.  Experimental  Cathode  Configurations. 
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Maximal  Current  Density:  The  main  require¬ 
ment  —  that  the  cathode  not  arc  during  cold 
start  and  warmup  -  Is  most  severe  at  switch-on, 
when  the  emission  capability  of  the  cold  cathode 
Is  at  a  minimum.  This  factor  determines  the 
minimum  cathode  size  for  a  given  tube  rating. 

A  large,  planar  cathode  was  first  chosen  as 
the  most  likely  to  provide  a  reasonably  uniform 
current  distribution.  Single,  Isolated  pulses 
were  used  to  prevent  cathode  heating.  As  the 
pulse  current  was  Increased,  arcing  was  readily 
detected  by  step  discontinuities  In  the  oscillo¬ 
scope  trace  of  the  diode  voltage  drop. 


Cathode  Geometry:  While  arcing  was  to  be 
avoided,  the  intent  was  to  run  the  cathode 
heavily  loaded  to  minimize  warmup  time  and  to 
ensure  that  it  would  run  hot.  In  this,  as  well 
as  other  respects,  the  short  helix  was  Ideal.  It 
was  self-shielded  to  some  extent  and  had  a  high 
surf ace-to-vo tune  ratio,  with  a  heat  capacity 
of  only  0.18  cal/*C.  A  significant  feature  was 
the  large  ratio  of  conductor  length  to  cross- 
sectional  area.  This  Increased  the  total  Internal 
resistance  and  easily  heated  the  structure  for 
initial  activation  or  tube  diagnostics  by  passing 
heater  current  directly  through  It.  Its  Inductance 
was  330  nH  -  negligible  compared  to  the  10  uH  PFN. 


For  this  1-inch  diameter  cathode,  the  arc 
condition  for  cold  operation  was  80  amperes/cm2. 

Arcing  was  evident  In  about  one  out  of  every  ten 
pulses  at  this  current  density,  occurring  about 
200  ns  after  the  start  of  the  pulse. 

ho  definite  arc  limit  could  be  determined  for 
a  cold  oxide  cathode  of  comparable  size.  The 
cathode  either  arced  or  failed  to  conduct  on  each 
pulse. 

Measurements  on  cathodes  of  more  complex  shape 
Intended  for  actual  use  in  the  experimental  tubes 
yielded  higher  cold-cathode  current  density  limits. 

In  one  case,  a  single  arch  cathode  similar  to  that 
shown  in  Figure  2,  the  current  limit  exceeds  220 
amperes/cm2  with  10-microsecond  pulses. 

Current  Distribution:  Current  and  power 
dissipation  distribution  on  the  cathode  surface 
of  a  thyratcon  has  been  established  as  a  function 
of  the  plasma  sheath  voltage,  plasma  colvnn 
electric  field,  the  Internal  cathode  resistance, 
and  the  specific  surface  resistance  of  the  cathode. 

Of  these,  the  last  is  the  least  well  characterized 
for  pulsed  hydrogen  discharges. 

The  surface  resistivity  (Rg)  of  cold  cathodes 
operated  under  single  pulse  conditions  was  determined 
from  the  change  In  diode  voltage  drop  versus  pulse 
current.  We  assimwd  uniform  utilization,  and  made 
use  of  the  facts  that  the  plasma  field  is  reasonably 
Independent  of  current,!')  and  that  sheath  voltages 
are  relatively  constant.  (7,8)  *  cathode  of  11.2-0112 
area,  with  an  internal  cathode  resistance  of  0.68 
ohm  was  used.  Good  linearity  of  voltage  drop  with 
peak  current  was  obtained  over  260-1240  amperes  fn 
0.4  torr  of  hydrogen. 

The  resistivity  obtained,  Rg  ■  0.11  ohm-cm2. 

Is  In  agreement  with  a  reported  measurement  made 
In  the  vacuus  of  Rg  »  0.25  ohm-cm2,  for  a  dispenser 
cathode,!5)  an  emitter  similar  to  the  impregnated 
cathode. 

These  values  are  encouragingly  low.  By 
comparison,  standard  oxide  cathodes  at  operating 
temperature  have  much  higher  values  of  Ro,  typically 
2-10  ohm-cm2.  When  cold,  the  surface  resistance 
becomes  extremely  high.  As  a  consequence,  they  suffer 
disastrous  arc  damage  If  pulsed  operation  Is 
attempted . 

Since  the  current  density  distribution  to  be 
expected  In  tube  service  was  unknown,  and  because 
of  the  predetermined  fixed  size  of  an  Ideally 
configured  commercially  available  impregnated 
tungsten  cathode,  the  current  densities  of  early 
cathode  designs  were  set  at  45  amperes/cm2  (a 
value  also  thought  to  be  reasonable  for  the 
cathode  when  hot).  The  cathode,  a  short  helix, 
was  11.2  cm2  in  available  area. 
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The  large- length-to-cross-sect Ion  ratio  has 
been  retained  in  subsequent  experiments  to  provide 
rapid  self-heating.  Most  of  the  cathode  heating 
is  caused  by  dissipation  In  the  cathode  plasma 
sheath  (sheath  voltage,  -20  V,  times  average 
current)  or  in  the  Internal  resistance  of  the 
tungsten  structure.  At  current  densities  over 
80  amperes/cm2,  the  resistive  heating  contributed 
over  50X  of  the  heat  Input  In  the  designs  tested. 
With  a  low  surface  resistivity,  its  corresponding 
power  dissipation  Is  also  low,  typically  about  one 
tenth  the  total . 

Feasibility  Tests  and  Evaluation 

One  triode  and  several  tetrode  designs,  using 
both  planar  and  helical  cathodes,  were  built  and 
successfully  operated  under  test  conditions  of  20 
kV  anode  voltage,  1  ys  pulse  width,  0.5  A  dc 
average  current,  and  a  pulse  repetition  rate  of 
1000  Hz.  Three  identical  tubes  of  the  type  shown 
in  Figure  3  were  built  and  tested  using  the  final 
helical  cathode  design.  Subsequent  tubes  (as  In 
Figure  1)  were  built  using  a  single  curved  bar  of 
cathode  material,  and  tested  In  a  variety  of  1,  5, 
7,  and  10  microsecond  pulse  conditions  at  several 
hundred  amperes  peak  and  several  hundred  Hz.  The 
same  cold-start  procedure  was  used  with  all 
tubes. 


Kfure  3.  Discharge  Boated  Thyratroaa. 


Cold-Start  Procedure:  The  typical  cold-start  supplied  cathode  heater  current  (or  from  that  of  a 

procedure  involves  warning  the  appended  reservoir  conventional,  standard  thyratron).  The  anode 

to  increase  hydropen  pressure  in  the  tube,  and  delay  time  drift  was  less  than  100  ns  for  the 

turning  on  the  auxiliary  grid  dc  power  supply  so  helical  cathode  tubes  measured  over  the  first  30 

that  once  the  tube  is  running,  a  5  to  20  mA  seconds  after  turn  on.  For  the  single  bar  cathodes 

keep-alive  current  flows.  Then  the  anode  supply  at  current  densities  of  30  to  210  amperes/cur , 

voltage  is  Increased  to  yield  up  to  20  kV  on  delay  time  drifts  were  20  to  180  nanoseconds 

subsequent  resonantly  charged  pulses.  The  tube  respectively.  In  almost  all  cases  the  time  jitter 

is  then  ready  to  fire,  although  the  cathode  and  was  less  than  5  nanoseconds  and  often  less  than 

the  tube  remain  cold.  2  nanoseconds. 

Then,  when  a  start  is  desired,  the  grid  In  any  thyratron  the  anode  delay  time  is 

driver  is  snapped  on.  Each  time  this  1$  done,  reduced  as  the  cathode  warms  to  equilibrium 

the  thyratron  starts  Instantly,  at  full  power.  temperature.  In  conventional  tubes  several 

All  pulses  occur  at  full  anode  voltage:  the  tube  minutes  are  allowed  for  this  process.  In  the 

passes  instantly  from  cold,  nonoperating  status  to  discharge-heated  thyratron,  less  than  30  seconds 

full  operation.  is  allowed,  starting  from  the  first  pulse.  These 

stringent  specifications  were  met  by  a  combination 

Startup  has  been  repeated  at  will  scores  of  of  cathode  activation,  adequate  triggering,  and 

times  during  tests  and  demonstrations,  without  use  of  a  cathode  having  a  small  heat  capacity. 

Inadvertent  cathode  arcing  or  tube  holdoff  failure  able  to  rapidly  as suae  its  final  temperature, 

in  any  of  the  experimental  tubes. 

Life:  A  sample  of  the  helical  cathode  design 

Triggering  Behavior:  Most  discharge  heated  was  evaluated  and  life  tested  with  the  results 

thyratron  operations  have  been  performed  using  given  in  Table  2. 

a  5  to  20  mA  keep-alive  applied  to  the  auxiliary 

grid.  This  allowed  routine  use  of  a  standard  800  Ouring  the  life  test,  the  tube  was  cold-started 

V,  4  a,  solid-state  driver  producing  a  O.S  us  for  a  logged  total  of  47  times.  In  previous 

pulse  (FMHM).  This  driver  was  capable  of  reliably  tests,  an  additional  40  to  50  cold  starts  were 

triggering  the  experimental  discharge  heated  made.  Repeated  starts  at  full  power  from  cold  did 

thyratrons,  starting  cold.  With  the  keep-alive  not  affect  the  triggering  characteristics:  time 

applied,  anode  delay  time  was  less  than  200  ns,  jitter  remained  less  than  1  ns,  and  the  0  to  30 

with  grid  breakdown  occurring  at  less  than  700  V  second  anode  delay  time  drift  was  less  than  100  ns. 

on  the  leading  edge  of  the  driver  pulse. 

Columns  2  and  3,  Table  2,  show  that  conventional 

As  the  cathode  warmed  to  its  full  operating  2-inch  tubes  perform  similarly  under  similar  severe 

temperature,  the  grid  breakdown  voltage  and  the  operating  conditions.  In  the  first  of  these  test 

anode  delay  decreased.  When  the  cathode  reached  conditions,  the  conventional  tube  ran  exceedingly 

equilibria,  these  parameters  were  almost  inde-  hot  and  failed  catastrophically.  The  second  test 

pendent  of  the  auxiliary  grid  keep-alive  current,  produced  a  range  of  short  operating  lifetimes  for 

the  grid  signal  was  indistinguishable  from  the  five-tube  sample  Involved.  Limited  data  for 

that  of  the  thyratron  when  operated  with  externally  conventional  tube  operation  in  the  vicinity  of  the 


Table  2.  Helical  cathode  OHT  performance. 


Parameter 

Symbol 

DHT 

Test ing 

Hot  Cathode 

Type  7620 

Life  Tests 
(Typical) 

Anode  Voltage,  kv 

epy 

20 

20 

14 

Peak  Current,  a 

1b 

500 

240 

175 

Pulse  Width,  ps 

tp 

1 

1 

0.42 

Pulse  Rate,  sec*1 

pps 

1000 

2000 

6000 

Pulse  Rise-Time,  ns 

tr 

200 

200 

88 

Average  Current,  Adc 

lb 

0.5 

0.48 

0.34 

RMS  Current,  Aac 

Ip 

15.8 

10.7 

7.2 

Grid  Drive: 

Control  Grid  Voltage,  v 

egy2 

800 

180 

180 

Control  Grid  Impedance, 

ohms 

292 

100 

500 

500 

DC  Average,  Adc 

Igl 

0.02 

— 

— 

Time  Jitter,  ns 

tj 

<1 

<2 

<1 

Anode  Drift: 

Or  1ft,  ns 

A  tad 

<100 

40 

<50 

Stabilization  Time 

tas 

0-30  sec 

2-10  min 

2-10 

Life,  Hours 

— 

266 

412 

250-400 

Huber  of  Tubes  Tested 

1 

1 

5 

program  objectives  indicate  that  the  plasma 
cathode  thyratron  behaves  much  like  a  standard 
thyratron  of  equivalent  size,  and  nay  have  a 
similar  intrinsic  life. 

Testing  on  later  designs,  largely  confined  to 
producing  basic  design  data,  has  included  some 


extended  operation  at  high  current  densities. 
Table  3  Compares  some  of  the  results. 

During  normal  testing  the  arch  cathode  tube 
has  exceeded  the  shot  life  requirements  for 
high  power  operation,  even  though  the  cathode  is 
very  heavily  loaded. 


Table  3.  Comparison  of  test  results. 


Helical  Cathode 

Arch  Cathode 

Standard 
7620  Oxide 
Hot  Cathode 

Cathode  Area  (cm2) 

11.2 

1.46 

30 

Current  Density  (a/cm2) 

45 

220 

8 

DC  Average  Current  Dens ity 
(Adc/cm2) 

0.045 

0.452 

0.016 

RMS  Average  Current  Density 
(Aac/cm2) 

1.42 

9.97 

0.358 

Pulse  Width  (ys) 

1 

10 

0.4-1 

Life  (Hours) 

266 

»12 

250  to  400 

(Shots) 

9.6  x  108 

»8.6  x  10® 

2.9  x  10s 

Cold  Starts 

>100 

N/A 

Scaling  to  High  Power 

Using  the  results  obtained  with  the  2-1nch 
experimental  and  feas 1b 11 ity  models,  large  scale 
tubes  ere  being  built  and  tested.  Figure  4  shows 
the  cathode  configuration  for  a  10  kiloampere 
design.  The  cathode  area  is  80  cm 2,  giving  an 
average  current  density  of  125  amperes/cm2.  The 
envelope  and  high  voltage  structure  are  based  on 
the  results  of  high  power  burst  mode  tests  performed 
with  conventional  hot  cathode  designs,  the  Hr- 5001 
and  hV-5002.19)  The  complete  structure,  with  an 
Isolated  reservoir  and  pressure  gauges.  Is  shown 
in  Figure  5. 


Figure  4.  I0-Klloowpera  Cathode  Configuration. 


figure  3.  Experimental  tO-Klloanpnre  Tuba. 


Experiments  with  configurations  of  this  size 
are  intended  to  verify  design  principles  and 
scaling,  and  to  lead  directly  to  cathode  designs 
for  40  kiloampere,  megawatt  average  power  bursts. 
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The  Reservoir 

In  <n  instant-start  tube,  the  initial  non¬ 
operating  hydrogen  or  deuterium  gas  pressure  must 
be  maintained  at  a  value  that  allows  tube  start. 
During  subsequent  operation,  the  pressure  My  be 
stabilized  by  replenishing  any  gas  buried  or 
consulted  by  clean-up  processes  which  may  take 
place  rapidly  during  cold-cathode  starting. 

Finally,  the  fill  gas  purity  must  be  maintained 
against  possible  accelerated  outgassing  of  the 
cathode  and  other  tube  parts  during  tube  operation. 
For  these  reasons,  simply  filling  the  tube  envelope 
with  gas  at  the  proper  starting  pressure  is 
inadequate.  A  reservoir  is  required. 

In  conventional,  hot-cathode  thyratrons 
pressure  is  maintained  by  either  the  usual  heated 
metal-hydride  reservoir  and  auxiliary  electrical 
control  circuits,  or  by  the  use  of  an  additional 
heated  getter  for  gas  impurities.  Since  these 
reservoirs  are  heated  structures,  they  often 
require  warmup  times  roughly  coemensurate  with 
those  of  hot  cathodes.  On  shutdown,  as  the 
reservoirs  cool,  the  tltanlua  or  zirconiun  metal 
typically  used  absorbs  the  gas  with  which  it  had 
been  in  equilibrium.  The  tube  is  left  partially 
exhausted,  at  a  pressure  too  low  to  allow  instant 
re-start.  A  delay  for  reheating  both  cathode  and 
reservoir  is  required,  if  the  tube  Is  to  be 
operated  after  brief  shutdown. 

We  have  been  investigating  several  ways  to 
maintain  the  desired  gas  pressure  of  0.2  to 
O.S  torr  in  an  Instant-start  tube.  One  of  these 
is  the  further  development  of  existing  techniques 
for  Mintaining  hydrogen  pressure  despite  reservoir 
cooldown,  typically  by  secluding  the  active  Mterial 
behind  a  separate  palladia*  or  platinum-silver 
barrier.  Heating  and  gas  transfer  rates  through 
the  barrier  are  chosen  to  allow  a  tube-volume  of 
gas  to  be  locked  out  of  the  reservoir  during 
cooldown,  thus  keeping  it  available  for  a  subsequent 
Instant  startup.  Thermal  characteristics  are  also 
designed  to  replenish  the  gas  fill  through  the 
barrier  during  tube  operation,  using  heat  generated 
in  the  cathode. 

He  are  also  exploring  the  behavior  of  recently 
developed  transitlon-amtal  alloys  capable  of 
maintaining  an  equilibria  pressure  of  hydrogen  in 
the  desired  pressure  range  at  essentially  room- 
ambient  temperatures. 

Recent  work  on  meta'-alloy  hydrides  for  use 
In  hydrogen  energy  Storage  and  pressure-buffer 
applleat1onsU0,n.l2)  indicates  that  It  is 
possible  to  control  room  temperature  equilibrium 
pressure  over  several  orders  of  magnitude  by 
suitable  substitutions  of  other  metals  In  the 
hydride  alloy  lattice,  especially  In  the  system 
Lahig.  He  have  been  working  with  arc-melted, 
annealed,  and  hydrlded  smples  of  the  system 
Zr(Fe*  Mi.x)  developed  by  the  Magnetic  Materials 
team  at  fort  Monmouth.  They  discovered  that  this 
material  exhibits  room  temperature  hydrogen 
plateau  pressures  of  0.1-1  torr  for  compositions 
close  to  equimolar  ZrFeV,  with  pressure  adjustable 
by  varying  the  composition.  Large  miounts  of 
hydrogen  can  be  stored  In  suitably  activated 
Mterial  and  recovery  of  equilibrium  pressure 
after  system  evacuation  Is  very  rapid. 

Using  this  Mterial,  we  have  Mde  and  tested 
reservoirs  which  appear  promising  as  replacoMnts 
for  conventional  heated  reservoirs  in  the  instant- 
start  tube. 


Reservoir  design  using  the  new  complex  alloys 
is  a  promising  route  to  the  desired  cold-start 
reservoir.  The  dependence  of  equilibria  pressure 
upon  ambient  temperature  is  such  that  actual  gas 
densities  (important  in  respect  to  tube  operation) 
are  well  Mintained.  Packaging  of  reservoir 
alloys  for  use  In  tube  activation,  prevention  of 
poisoning  during  operation,  and  exploration  of 
performance  in  actual  tubes,  all  remain  to  be 
completed.  Design  of  actual  reservoirs  for  use  in 
the  instant-start  tubes  will  be  strongly  affected 
by  the  cleanup  rates  observed  in  cold  starting,  a 
subject  now  under  investigation. 

The  Envelope  and  High  Voltage  Structure 

The  overall  objective  of  the  current  develop¬ 
ment  program  is  to  reduce  the  weight  and  increase 
the  efficiency  of  the  system  which  uses  the 
switch.  Elimination  of  heater  power  supplies  is  a 
major  step  toward  meeting  this  objective,  but 
further  Improvements  in  the  switch  structure  are 
also  needed.  Current  and  voltage  requirements 
were  realized  earlier  in  the  development  of  high 
power,  hot  cathode  thyratrons,!^)  resulting  in 
a  device  weighing  about  47  pounds.  All  of  the 
restrictions  imposed  on  the  design  of  the  earlier 
hot  cathode  tube  still  apply,  and  must  be  met  in  a 
device  of  half  the  weight. 

Two  Mjor  steps  have  been  taken  to  obtain 
this  reduction.  First,  the  ceramic  insulator 
lengths,  the  corresponding  internal  supports,  and 
the  connecting  structures  have  been  shortened. 
However,  operation  at  relatively  high  external 
electric  field  stresses  results;  therefore,  the 
tube  must  be  operated  in  a  dielectric  medlua  other 
than  air. 

Second,  an  extensive  theneal  and  mechanical 
analysis  has  been  conducted  to  determine  minimum 
size  for  various  parts  of  the  tube.  Hhile  switching 
up  to  a  megawatt  of  average  power  during  a  burst,  the 
grid  structures  each  receive  over  1  kilowatt;  the 
total  tube  dissipation  is  about  8600  watts.  By 
taking  advantage  of  the  short -burst  length,  both 
the  anode  and  base  structures  are  significantly 
reduced.  Further  analysis  of  stress  on  the 
ceramic  seals  resulted  in  the  ceramic  insulator 
thicknesses  being  substantially  reduced.  The 
overall  result  Is  a  new  28-pound  configuration 
which  Is  coapared  with  the  earlier  MAPS-40/HY-7 
structure  in  Figure  6. 

Conclusions 

By  employing  the  concept  of  a  discharge-heated 
cathode,  the  design  objectives  specified  for  an 
instant-start  hydrogen  thyratron  requiring  no 
warmup  tlM  and  no  heater  power  have  been  nt. 
Simplifying  assumptions  facilitated  the  design  of 
the  cathode,  and  enabled  the  behavior  of  experimental 
tubes  to  be  predicted. 

Several  2- Inch  diameter  tubes  built  from 
standard  parts  operated  consistently  at  established 
test  conditions  of  20  kV  anode  voltage,  S00-a  peak 
current,  1-ut  pulsewidth,  and  1000-pps  pulse 
repetition  rate.  Other  experimental  tubes  demon¬ 
strated  operation  at  high  current  densities  with 
10  us  pulsewldths. 

Triggering  requirements  are  comparable  to 
those  of  equivalent  hot  cathode  thyratrons.  Mlth 
an  appropriate  driver  and  several  williMmeres  of 
keep-alive  current,  the  jitter  is  lets  than  1  ns 
and  the  anode  delay  thee  drift  Is  less  than  100  ns. 
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Figure  6.  MAPS -40  Thyratron  and  Llghtvalghe 
Instant-Start  Varilon. 


Use  of  a  relatively  low-powered,  solid-state 
driver  gives  a  switched  power  gain  of  wore  than 
1000. 


A  representative  tube  accumulated  226  hours 
of  life,  and  further  testing  on  subsequent 
designs  Indicates  that  the  discharge-heated 
thyratron  has  an  intrinsic  lifetime  at  least 
comparable  to  standard  tubes  operated  under 
similarly  severe  conditions,  feasible  instant- 
start  reservoir  systems  are  being  Investigated, 
and  lightweight,  megawatt  tube  structures  are 
being  designed. 
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Abstract 

A  requirement  arose  to  charge  a  number  of 
capacitive  loads  fros*  a  27  kV  source  using  a 
sinusoidal  wave  form  composed  of  a  20  kA, 

12  microsec,  positive  half  cycle,  followed  by 
a  10  kA,  8  microsec,  negative  half  cycle.  A 
constraint  Imposed  on  the  system  was  a 
recovery  time  of  less  than  80  microsec. 

A  complete  switching  system  to  meet  the 
requirement  is  described.  The  economic  and 
technical  reasons  for  the  choice  of  three 
glass  tubes  in  parallel  rather  than  a  single 
ceramic  double  cathode  tube  are  discussed. 

Two  of  the  glass  tubes  operate  in  forward 
parallel  and  the  third  in  reverse  parallel. 
Solutions  to  the  problems  of  current  sharing, 
reverse  triggering  and  fast  recovery  are  also 
presented. 


pulse  transformers,  along  with  the  current 
levels  specified  for  testing  the  tubes,  and 
a  decision  was  made  to  adopt  a  multi  tube 
parallel  path  approach  by  extrapolating  known 
facts  from  the  tubes  driving  the  ETA.  These 
are  the  FX2S08  and  are  described  in  the  article 
(Ref  1)  where  they  are  presently  operating  at 
5-6  kA.  Thus  it  was  decided  that  a  reasonable 
approach  would  be  to  adopt  a  three  tube  triad. 


Figure.  1. 

This  doubles  the  current  capability  of  the 
forward  tubes  and  an  inverse  tube  added  to 
carry  the  reverse  current  component. 


Introduction 


Financial  considerations  are  of  prime 
importance  when  considering  equipment  design. 
Normally  during  the  development  stage  it  is 
customary  to  choose  a  component  which  already 
exists,  tiJcing  into  account  both  its  price  and 
capability. 

Seldom  are  components  required  in  suffi¬ 
cient  quantity  to  enable  items  to  be  custom 
built,  but  in  the  case  of  the  Blumlein 
Charging  System  for  the  ATA  accelerator  at 
Livermore,  thyratrons  were  needed  in  much 
larger  quantities  that  this  approach  was 
feasible.  (A  total  of  1200  chassis  are  req¬ 
uired)  . 

It  is  possible  to  make  a  double  cathode 
ceramic  tube  which,  with  a  single  tube,  would 
satisfy  the  requirement.  Such  a  thyratron 
however  with  its  features  of  high  average 
current  and  ruggedness  provides  "Overkill" 
which  must  be  paid  for.  It  was  therefore 
decided  to  develop  an  existing  glass  tube 
which  in  the  event  has  produced  a  solution  at 
approximately  half  the  cost. 

The  thyratrone  are  required  to  switch 
power  via  pulse  transformers  to  charge  water 
blwleins  which  drive  the  ferrite  loaded 
accelerator  cavities.  Figure  1  shows  the 
optimum  current  pulse  required  to  drive  the 


The  task  has  proved  far  from  easy  and 
twelve  months  development  has  taken  place  as 
much  development  was  required  on  the  circuit 
techniques  as  on  the  tube  Itself  and  the 
following  circuit  was  finally  adopted.  (Fig. 


Figure.  2. 


Circuit  Explanation 


Two  of  the  tubes  in  parallel  switch  10  kA 
each  and  are  able  to  hold  off  27  kV  when  not 
conducting.  The  third  tube,  connected  in 
parallel  with  the  other  two  but  in  the  reverse 
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position,  switches  10  kA  and  is  able  to  hold 
off  27  kV  reverse  when  not  conducting.  In  the 
single  switch  chassis  shown  in  Figure  2  ,  each 
CX1538  tube  is  primed  by  a  60  mA  DC  G1  drive 
and  biased  by  -140V  on  G2.  Power  for  the 
biasing  of  the  tube  in  the  reverse  position  is 
derived  from  its  heater  filament  transformer. 
The  triad,  forming  the  switch  chassis,  is 
triggered  by  a  1  u  sec  500  V  pulse  applied 
from  T1  to  G2  of  both  forward  tubes  via  the 
secondary  of  T2.  The  effect  of  T2  which  has 
the  full  forward  current  through  its  primary 
is  to  increase  the  trigger  voltage  to  either 
of  the  forward  tubes  which  is  late  in  firing. 
In  practice  this  has  been  found  to  operate 
very  well  and  current  sharing  of  less  than  5% 
is  not  difficult  to  achieve. 


F igure .  3 . 

T3  provides  the  trigger  to  the  Inverse 
tube  as  indicated  on  the  waveform  in  Fig.  1 


Figure.  4. 

original  development  work  was  done,  whilst 
Figs. 5  &  6  show  an  equipment  recently  built. 
This  latter  has  been  specifically  tailored  to 
test  tubes  to  the  test  waveform  shown  in 
Fig.  1  fund  to  operate  in  the  circuit  shown 
in  Fig.  2. 


Figure.  5 


*  *  ii 


Tube  Testing 

The  system  used  in  the  ATA  employs  over 
3,000  tubes  in  the  Blumlein  charging  system 
and  two  types  of  malfunction  can  occur,  (a) 
prefire,  (b)  refire.  In  the  former,  the  tube 
fires  before  it  is  triggered  and  in  the  latter 
the  tube  fails  to  recover. 

In  both  cases  the  occurrences  must  be 
kept  to  a  minimum  and  consequently  a  tight 
prefire/refire  spec  of  1  in  12000  shots  has 
been  applied. 

The  specification  requires  that  the  tubes 
be  tested  at  current  levels  which  are  50% 
above  operating  values,  otherwise  the  test 
set  circuit  is  as  nearly  as  possible  the  same 
as  has  been  previously  described.  Fig. 4 
shows  the  equipment  on  which  most  of  the 


Figure.  6. 
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The  grids  In  a  high  vacuum  tube  are  typically 
small  In  comparison  to  the  other  eleMnts  of  the 
device,  yet  are  subjected  to  an  appreciable  portion 
of  the  total  power  dissipated  In  the  device.  The 
degree  of  Interaction  between  the  grids  and  the 
electron  stream  flowing  from  cathode  to  anode  of  the 
tube,  determine  the  total  effect  the  .stream  has  on 
the  grids  and  of  the  grid  on  the  electron  .stream. 
Electrons  intercepted  by  the  grid  will  produce 
several  effects  ranging  from  (1)  stable  9r1d  current 

2)  grid  current  emission  due  to  thermionic  effects 

3)  grid  emission  due  to  secondary  electron  flow,  to 
(4)  deformation  due  to  thermal  mechanical  mechanisms. 
An  additional  form  of  emission  is  that  of  field 
emission  due  simply  to  high  electrostatic  fields.  The 
grids  most  also  be  able  to  absorb  power  that  Is 
radiated  from  the  hot  cathode  and  not  be  damaged. 

Grid  performance  Is  highly  dependent  on  material 
selection,  fabrication  technique,  heat  sinking,  power 
loading,  etc.  This  paper  describes  a  program  to 
ImpleMnt  a  unique  material  Into  the  grid  structures 
of  a  common  high  power  tetrode,  the  EIMAC  4CW100000E. 
Modifications  to  the  standard  tube  are  described  along 
with  test  results  for  the  modified  tube.  In  general 
higher  control  grid  and  screen  grid  currents  are 
produced  because  of  reduced  secondary  electrons  gen¬ 
erated  In  the  tube. 

Pyrolytic  graphite  has  properties  that  set  It 
apart  from  metallic  elements.  Among  these  are  (1) 
high  strength  at  elevated  temperatures,  (2)  higher 
emlsslvlty,  (3)  high  dlMnslonal  stability  and  (4) 
low  secondary  emission. 

A  description  of  the  Idealized  graphite  form  Is 
presented  and  compared  to  a  typical  deposit  of 
pyrolytic  graphite.  Pyrolytic  graphite  Is  fonaed 
from  a  chemical  vapor  deposition  (CVO)  process  of 
the  thermal  decompolslton  of  methane  or  other  hydro- 
caroon  gases. 

Introduction 

The  modern  day  high  vacuum  electron  tube  Is 
capable  of  exceptionally  large  power  handling 
ability.  Power  delivered  to  a  useful  load  however, 
must  Inevitably  result  In  som  Internal  power  absorp¬ 
tion  within  the  tube.  Present  tube  technology  allows 
upward  of  one  Mgawatt  average  power  to  be  absorbed 
on  and  In  the  anode  and  have  heater  power  Input  of 
about  10-30  kilowatts.  The  saM  tubes  that  provide 
that  capability  Is  limited  to  only  4  and  IS  kllmvatts 
of  power  on  the  grid  and  screen  respectively. 

It  would  seem  that  the  anode  dissipation  limits 
can  be  readily  Increased  by  the  proper  cooling  de¬ 
signs  In  the  water  flow  system  and  the  fllaMnt 
and/or  cathode  can  be  Increased  as  need  be  to  supply 


whatever  plate  current  is  desired  but  the  grids  are 
caught  In  the  middle,  literally.  Since  the  grid 
must  be  In  the  electron  stream  flow  In  order  to 
exert  controlling  forces  and  since  the  cross  section 
are  very  small,  It  Is  very  difficult  to  provide  an 
adequate  heat  sinking  of  the  grid  eleMnt,  particu¬ 
larly  in  non-focused  electron  flow  designs. 

The  theoretical  power  limit  of  any  grid  is  the 
point  at  which  either  mechanical  deformation  takes 
place  and/or  It  becomes  hot  enough  to  emit  electrons 
and  act  as  a  cathode.  Obviously  whet  we  seek  then 
Is  a  grid  with  unlimited  power  dissipation  ability, 
free  from  mechanical  distortion  due  to  thermal  ef¬ 
fects  and  freedom  from  any  emitted  electrons  because 
of  high  temperature. 

Grid  Problem  Areas 

A  control  grid  inserted  into  an  electron  stream 
will  be  affected  by  the  electrons  that  are  inter¬ 
cepted  If  the  grid  has  a  positive  potential  such  that 
electrons  are  pulled  toward  the  grid  and  the  energy 
associated  with  those  electrons  is  deposited  on  the 
grid.  When  the  energy  deposited  is  equal  to  or 
greater  than  the  effective  work  function  of  the  grid 
material  the  grid  will  begin  to  emit  electrons 
thermlonically  as  If  from  a  cathode. 

Another  method  of  grid-electron  Interaction  Is 
for  an  Incoming  electron  to  eject  electrons  from  the 
atoms  of  the  grid  surface.  This  effect  could  occur 
without  a  detectable  temperature  Increase  of  the 
material  thus  it  is  a  distinctly  different  MChanism. 

An  alternate  to  grid  amission  by  electrons 
being  ejected  by  Impacting  electrons  on  the  grid 
surface  Is  for  electrons  to  be  pulled  from  the 
grid  surface  by  high  field  gradients.  Field  emission 
is  limited  to  cases  where  high  field  gradients  exist 
at  the  grid  surface.  Field  emission  currents  gen¬ 
erally  cannot  be  decreased  by  bias  voltages  on  the 
grid.  It  Is  possible  that  negative  grid  voltages 
will  Increase  the  field  emission  current. 

A  grid  In  a  hot  cathode  tube  must  be  able  to 
withstand  the  thermal  loading  imposed  on  It  by 
radiated  power  from  the  fllaMnt-cathode  without 
significant  movcMnt.  Power  dissipated  on  the  grid 
Input  circuit  likewise  must  not  cause  grid  movement. 
Materials  with  low  coefficient  of  expansion  are 
essential  in  this  along  with  proper  bracing  techni¬ 
ques  and  grid  cooling.  Only  high  temperature 
materials  can  be  used,  and  special  coatings  are  often 
used  for  grid  emission  control. 

PYROLYTIC  GRAPHITE 

Pyrolytic  Graphite  (PC)  hes  been  called  a  space 
age  material.  This  is  not  exactly  the  case,  however 
because  It  was  produced  In  the  late  1800s  and  used 
for  flleMnts  In  lamps.  In  the  1950s  much  more 
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Density  gm/cm3 

Tensile  Strength  kg/m2 

Thermal  Conductivity  W/cjm?/°C/ cm  20°C 

1000°C 

Specific  Heat  joules/an3/oc 
Total  Thermal  Expansion  20°-1000°C 
Total  Emlsslvlty  I000®C 
Electrical  Resistivity  ohm  cm  20°C 

1000°C 


Pyrolytic 

Graphite 

Molyb¬ 

denum 

Copper 

A  B 
Plane 

C' 

Plane 

2.21 

10.2 

8.89 

13* 10® 

317-103 

100- 10® 

15-10® 

3.98 

.018 

1.6 

3.94 

1.88 

.011 

1.1 

3.6 

2.41 

2.66 

3.42 

.24* 

1.6* 

.6* 

2.1* 

.77 

.5 

.25 

.04 

4.3- 10~4 

.67 

8- 10-6 

1.8- 10‘6 

1.6-10-4 

2.9-10-® 

8.6-10-® 

Table  1.  Important  Physical  Constant  of  Pyrolytic 
Graphite 


research  ms  started  as  a  result  of  the  space  pro* 
gram.  Many  applications  have  been  made  of  PG  since 
then  to  use  Its  unique  high  temperature  features. 

An  effort  has  been  made  by  several  companies  to 
exploit  PG  In  electronic  tube  assemblies.  It  Is 
not  surprising  to  see  why  It  Is  attratlve  as  a 
material  In  high  power  tubes  If  one  considers  the 
physical  constants  In  Table  1. 

The  structure  of  the  graphite  form  of  carbon 
consists  of  planar  grouping  of  atoms  with  very 
strong  bonding  between  atoms  In  the  same  plane  but 
relatively  weaker  bonding  between  atoms  In  adjacent 
parallel  planes.  An  Idealized  arrangement  of  the 
single  crystal  graphite  lattice  Is  shown  In  figure 
1. 


Figure  1.  Ideal  Crystalline  Structure  for  Graphites 

It  Is  important  to  note  here  that  pyrolytic 
graphite  deposited  through  the  chemical  vapor 
deposition  Is  different  from  the  Idealized  form. 
Instead  of  being  perfactly  ordered  In  planes  the 
ordering  Is  quite  random  with  the  degree  of  or¬ 
dering  increasing  with  the  deposition  temperature, 
deposits  formed  at  1000°C  have  a  glass-like  quality 


while  those  formed  at  1800°C  have  almost  perfect  or- 
derlng'Hn  the  A-B  plane.  The  ordering  In  the  C 
direction  however  Is  more  random.  Ordering  In  the  C 
direction  approaches  that  of  single  crystal  graphite 
at  about  3000OC. 

Other  factors  effecting  the  quality  or  type  of 
deposit  are  (1)  the  substrate  on  which  the  deposit  Is 
formed  (2)  the  flow  rate  and  type  of  gas  feeding  the 
furnace  (3)  the  pressure  at  which  the  deposit  Is 
formed  and  (4)  heat  treatment  after  the  deposit  Is 
formed. 

Furnaces  for  making  the  PG  blank  cups  are  shown 
In  figure  2  photograph. 


Figure  2  Photo  of  Furnace  Used  In  Producing  Pyrolytic 
Graphite 


Tube  Design 

The  layout  of  the  completed  tube  Is  shown  In 
figure  3.  Figure  4  Is  a  photograph  of  the  cathode 
and  control  grid  assembly  of  the  2097V.  The  only 
difference  between  the  two  tube  types  Is  the  density 
of  the  filament.  All  copper  parts  which  were  used 
in  the  stem  of  the  4CH100000E  were  replaced  with 
molybedenum  and  Kovar.  The  Internal  brazes  were 
replaced  with  hell arc  welds.  These  changes 
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improved  the  Internal  maximum  safe  operating  tempera¬ 
ture  as  well  as  improving  dimensional  accuracy.  The 
increased  current  required  for  the  double  density 
filament  presented  no  problem  with  this  new  stem 
design. 


Figure  3.  Layout  for  the  Modified  Tubes 


4CW100000E  was  practical  and  did  not  hurt  tube  rigid- 
Ity. 

The  grids  are  made  by  first  forming  a  graphite 
cup  on  a  heated  mandrel  In  the  furnace.  Thickness 
of  the  deposited  layer  is  approximately  0.04cm. 
Following  Inspection,  abrasive  machining  by  sand 
blasting  Is  used  to  form  the  grid  slots  and  bars  with 
the  aid  of  a  mask  or  template.  The  cutting  action 
Is  primarily  perpendicular  to  the  deposited  layer  or 
radially  In  the  case  of  a  cylindrical  blank  cup. 

Grid  bars  of  about  0.02cm  in  width  have  been  produced 
in  this  fashion.  It  should  be  possible  to  produce 
even  finer  dimensions  than  this  In  thickness  and 
width.  Hldth  of  the  bars  for  the  two  tubes  of  this 
program  however  are  0.03cm.  The  grid  slot  Is  approx¬ 
imately  0.254cm  while  grid  cathode  spacing  Is  0.1cm. 
Equivalent  dimensions  for  the  screen  grid  are  such 
as  to  give  the  proper  grid-screen  alignment.  Figure 
5  is  a  photograph  of  several  blank  cups  and  finished 
grid  units . 


Figure  4.  Photo  of  the  Cathode-Control  Grid 
Assembly  for  the  X2097V  Tube 


In  a  power  grid  tube  using  a  non-focusing 
geometry  the  electrical  performance  Is  Improved  by 
reducing  grid  bar  diameter  and  Increasing  the 
number  of  grid  bars  to  120  from  80  used  in  the 


Figure  5.  Photo  of  several  grids  showing  blank  grid 
cups  and  finished  units. 

Tube  and  Circuit  Performance 

Constant  current  curves  are  typically  used  to 
show  the  essential  operating  features  of  a  grldded 
tube  and  It  Is  assumed  the  electrode  voltages  shown 
are  equal  to  the  source  voltage.  While  this  Is  ade¬ 
quate  for  tube  characterization.  It  Is  not  the  same 
as  In  a  real  circuit  since  a  useful  output  1$  de¬ 
sired.  A  load  of  some  type  and  a  much  higher  anode 
supply  voltage  Is  employed  In  order  to  develop  the 
useful  output.  The  tube  merely  serves  as  a  switch 
to  control  current  flow  through  the  load.  The 
switch  however  is  not  an  Infinite  current  device 
responding  In  a  proportional  way  to  changes  in  load 
Impedance  or  supply  voltage. 

Typically  for  short  pulses,  where  variations  In 
supply  voltage  during  the  pulse  are  held  to  a  low 
value,  It  Is  desired  to  operate  the  switch  tube  at 
or  near  saturation  with  the  anode  operating  at  a 
minimum  value.  Either  control  grid  or  screen  grid 
current  and  power  is  the  ultimate  limiting  factor 
In  this  type  of  service.  There  Is  an  optimum  area 
of  performance  where  the  grid  dissipation  can  be 
minimized  simultaneously  with  anode  dissipation. 

During  the  test,  at  EIMAC  and  RA0C,  constant 
current  curves  were  taken  to  characterize  the  tube. 
These  tests  proved  that  a  higher  grid  current  1* 
required  because  of  the  reduced  secondary  electrons 
from  the  grid.  It  was  also  shown  that  with  a  high 
impedance  load  the  supply  voltage  could  bm  raised 
to  higher  values  to  obtain  a  minimum  anode  voltage 
during  the  pulse  l.e.  saturated  conditions  of  3-5 
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KV  pulse  for  maximum  efficiency. 

Attempting  to  operate  with  a  lower  load  Impedance 
200*300  ohms ,  however  resulted  In  a  minimal  anode 
pulse  voltage  of  10-12KV  at  saturated  anode  current. 
In  each  case  the  point  of  saturation  was  defined  as 
the  level  where  anode  current  essentially  limited 
and  arid  currents  began  a  rapid  rise. 

rest  results  tabulated  In  Table  2  show  some  of 
the  data  points  taken  at  RAOC  for  the  X2097U.  No 
data  was  taken  at  RAOC  on  the  X2097V  tube  because 
of  tube  breakage,  however  coaiparlson  curves  for 
the  two  tubes  shows  considerable  Improvement  over 
the  4CM100000E.  Figure  6  shows  the  difference 
In  the  cathode  current  for  the  three  tubes  when 
operating  as  diodes;  l.e.  Eg  •  £s  *  Ep.  This  Is 
In  accordance  with  having  a  closer  grid  cathode 
spacing,  40  additional  grid  bars  In  each  modified 
tube  and  doubling  the  filament  area  In  the  X2097V 
tube. 


IMO 
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Figure  6.  Comparison  Diode  Curve  for  the  X2097V 
X2097U  and  the  4CW100000E 


It  was  observed  In  the  test  at  RAOC  and  recorded 
In  Table  2  that  areas  exist  In  the  operating  range  of 
the  tube  where  Increasing  grid  currents  can  exist  for 
either  high  or  low  anode  pulse  voltages  if  grid 
voltage  Is  high  enough.  While  It  1$  easy  to  see 
that  a  minimized  anode  voltage  near  to  or  equal  to 
grid  voltage  will  produce  high  grid  currents.  It  Is 
not  as  clear  that  high  grid  currents  can  occur 
with  anode  voltage  much  higher  than  the  grid  voltage. 
The  case  of  Increasing  grid  currents  at  elevated 
anode  voltage  Is  not  necessarily  restricted  to 
this  test.  Indeed  data  sheets  for  other  tubes 
Indicate  It  will  occur,  but  very  rarely  Is  the  condi¬ 
tion  seen  because  It  Is  a  rather  Inefficient  method 
of  operation  and  also  because  limited  grid  power 
limits  prevent  observation  of  the  effect  In  many 
cases.  Some  type  of  series  regulator  circuit  could 
encounter  this  condition. 

It  Is  also  apparent  in  Table  2  and  In  the 
constant  current  curves;  figure  7  thru  11  for  the 
X2097V,  X2097U  and  the  4CW100000E,  taken  at 
2000  and  3000  volts  screen  voltage;  that  control 
grid  current  for  the  pyrolytic  graphite  grldded 
tubes  Is  significantly  higher  for  equivalent  anode 
voltages  and  currents.  This  will  be  the  result  of 
eliminating  or  sharply  reducing  the  amount  of 
secondary  electrons  generated  at  the  tube  grids. 
Circuit  designers  have  always  used  the  secondary 
electrons  as  a  form  of  free  driving  power,  but  with 
caution.  Seems  like  the  elimination  of  secondary 
electron  Is  a  hollow  victory  since  more  actual 
drive  power  is  required  which  would  only  tend  to 
make  the  grid  become  hotter.  It  will  be  shown  later 
how  the  loss  of  secondary  electron  affects  the 
mutual  conductance  of  the  tube. 


Figure  >.  Constant  Current  Curve  for  4CW100000E  at 
2000  Volt  Screen 


Ebb 

KVOC 

K?  Peak 

Jp 

Aqp 

egi 

Volts 

20.5 

2.0 

66 

400 

20.5 

2.25 

64 

180 

20.5 

1.8 

66 

220 

20.5 

1.8 

67.2 

180 

57 

5 

40  , 

200 

58 

10 

40  , 

200 

52 

16 

140 

500 

52 

18 

128 

400 

40 

12 

104 

580 

TABLE  2  Selected  Oita 


*91 

*92 

1g2 

1c 

*1 

Amps 

KV 

Amps 

Amps 

Ohms 

55 

1.0  ' 

34.17 

144 

280 

20 

2.0 

16.6 

98 

290 

31 

2.0 

28.3 

118 

283 

17 

2.5 

23.3 

100 

284 

34 

0.5 

3.83 

92 

1300 

30 

0.2 

1.0 

72 

1200 

72 

2.0 

5.5 

220 

257 

58 

2.0 

4.0 

200 

140 

80 

1.0 

36.6 

208 

268 

Points  for  X2097U  Tube  Tests 
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Figure  8.  Constant  Current  Curve  for  the  X2097U 
at  2000  Volt  Screen 
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Figure  9.  Constant  Current  Curve  for  the  X2097U 
at  3000  Volt  Screen 
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Figure  10.  Constant  Current  Curve  for  the  X2097V 
at  2000  Volt  Screen 
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Figure  11.  Constant  Current  Curve  for  the  X2097V 
at  3000  Volt  Screen 

Test  Modulator 

Test  modulator  for  evaluation  of  the  tubes  at 
RADC  Is  shown  In  figure  12.  In  the  foreground 
Is  a  high  power  dummy load  while  In  the  background  Is 
the  tube  under  test. 


Figure  12.  Photo  of  Test  Modulator 


The  simplified  schematic  In  figure  13  shows  the 
main  element  of  the  video  pulse  circuit.  P.S.  1  Is 
a  140  KVDC  supply  rated  at  9  amperes  DC  controllable 
from  2KV  to  the  140KV.  The  anode  load  resistor  con¬ 
sists  of  a  weak  solution  of  copper  sulfate  circulated 
In  two  6  foot  lengths  of  3  Inch  glass  pipe.  Heat 
dissipated  In  the  solution  Is  absorbed  In  a  liquid- 
liquid  heat  exchanger  cooled  by  a  demlnerlllzed 
water  cooling  system.  The  circulating  pump  for  the 
electrolyte  Is  powered  through  a  3  phase  1:1  Isolating 
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transformer  rated  at  80  KVDC  hoi  doff  voltage, 

The  bias  stages  for  the  driver  and  the  tube 
under  test  includes  a  “Thyrite"  voltage  variable 
resistance  sized  so  as  to  draw  negligible  current 
at  just  under  normal  bias  voltages. 

Without  a  regulating  element  across  the  bias 
supply  capacitor  the  bias  supply  voltage  will  vary 
In  response  to  the  average  grid  current  drawn  by 
the  tube.  This  variation  will  normally  be  an  in¬ 
crease  in  the  negative  voltage  from  normal  positive 
grid  current  flow.  If  negative  grid  current  exists, 
however,  the  bias  supply  voltage  will  attempt  to 
move  in  a  positive  direction  reducing  available 
bias.  While  this  latter  effect  Is  an  extreme 
situation  certain  percullar  systems  can  be  complicated 

because  of  It.  ,,  ^  „  .  . 

It  was  noted  that  essentially  the  same  techniques 

were  necessary  for  controlling  H.F.  type  oscilla¬ 
tions  In  the  tube  as  Is  conwonly  used  for  typical 
pulse  modulators.  Filament  bypassing,  grid  cir¬ 
cuits  suppressors,  shielding,  etc.  were  all  necessary. 

In  principle  the  fact  that  pyrolytic  graphite 
has  a  fairly  high  resistivity  should  help  provide 
suppression  of  spurious  signals,  particularly  In 
large  tubes  because  it  would  be  in  the  direct  field 
of  the  rf  voltage.  Certain  large  tetrodes  or 
trlodes  have  dimensions  which  could  conceivably  sup¬ 
port  an  oscillation  about  the  tube  circumference 
between  grid-cathode-screen-anode.  With  grids  of 
pyrolytic  graphite  a  lossy  element  would  exist 
on  the  boundary  of  such  an  osclallatlng  voltage 
field  and  tend  to  provide  a  loading  effect. 

SlWrLIFICO  9CMCMXT1C 
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Figure  14.  Primary  Current  Grid  Emission  for  the 
X2097V,  X2097U  and  the  4CW100000E  Tetrode. 
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Figure  13.  Simplified  Schematic  of  Test  Circuits 
at  RADC 


Primary  Grid  Emission 

Primary  grid  emission  was  measured  at  the  factory 
by  the  standard  production  test  employing  60Hz  posi¬ 
tive  half  sinusoid  power  pulses  to  heat  the  grid  and 
the  negative  half  cycle  to  measure  the  emitted  grid 
currents.  Data  presented  In  Figure  14  and  15  show 
the  primary  emission  current  for  the  modified  tubes 
and  the  standard  4CW100000E.  It  Is  evident  that 
the  X2097U  tube  has  a  significant  reduction  In 
emission  current  even  though  closer  hot  spaclnas  are 
used  and  the  grid  bars  are  Increased.  It  Is  also 
clear  that  the  X2097V  tube  Is  receiving  much  more 
radiated  power  from  the  cathode  because  of  Increased 
radiation  from  the  cathode.  It  appears  that  the 
X2097V  tube  receives  approximately  two  extra  kilo¬ 
watts  of  radiated  cathode  power  as  compared  to  the 
X2097U  tube. 

The  relatively  high  thermal  emlsslvlty,  while 
not  that  of  a  black  body  radiator.  Is  considerably 
higher  than  that  of  tungsten  or  moly  and  Is  extremely 
helpful  In  making  the  grid  operate  at  a  lower 


PRIMARY  SCREED  EMISSION 


I'.gure  15.  Primary  Current  Screen  Emission  for  the 
\2j97V,  X2097U  and  the  4CW100000E  Tetrode. 
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COEFFClENT  OF  TOTAL  SfCOWAIff  RADIATION 


Secondary  Electron  Generation 

Electrons  emitted  es  a  result  of  Interaction 
between  an  atom  and  an  Impinging  electron  are 
termed  secondary  electrons  as  compared  to  electrons 
originating  from  the  atom  as  a  result  of  thermal 
effects.'  It  Is  the  Intentional  basis  of  operation 
of  a  large  class  of  devices;  photo  multiplier 
tubes,  magnetrons,  crossed  field  amplifiers  and  is 
also  an  Inadvertent  feature  of  other  electron  tubes. 
Usually  It  1$  desirable  to  Increase  the  secondary 
electron  yield  In  the  first  class  but  reduce  It  In 
devices  wnere  it  Is  not  an  essential  feature.  Much 
research  has  been  done  to  understand  and  to  emphasize 
the  desired  effect. 

The  susceptibility  to  secondary  electron  emission 
Is  dependent  on  several  factors.  Among  these  are 
(1)  material  density,  (2)  surface  finish  (3)  tempera¬ 
ture  and  (4)  angle  of  Incidence. 

Figure  16  Is  a  graph  by  Harries  showing  the 
electron  emission  yield  ratio  for  a  number  of  common 
electron  tube  materials.!3'  Note  that  materials 
that  are  desirable  fbr  many  other  reasons  tend  to 
have  the  highest  yield  ratio.  Carbon  Identified  In 
literature  as  lamp  black,  soot,  or  graphite  has 
been  used  In  small  receiver  type  tubes  for  anodes. 
Aguadag  or  colloidal  graphite,  usejt  In  cathode  ray 
tubes  has  a  resonably  low  yield.  Tungsten,  an 
otherwise  desirable  and  commonly  used  high  tempera¬ 
ture  metal,  has  a  high  secondary  emission  ratio. 


Figure  16.  Comparison  of  Secondary  Electron  Yield 
Ratio  for  Various  Materials  as  a  Function  of  Elec¬ 
tron  Ratio. 


Figure  17  (a  and  b)  will  give  an  insight  Into  why 
carbon  works  so  well  for  this  application!*'-  showi 
Is  a  representation  of  an  electron  striking  a 
reasonably  smooth  and  dense  surface.  In  (a)  and  a 
surface  coated  with  particles  forming  a  matte  like 
surface  In  (b).  The  electron  striking  a  hard  and 
smooth  surface  releases  other  electrons  that  can 
easily  escape  from  the  surface  of  the  electrode. 

A  rough  surface  finish  of  particles,  however,  forms 
a  top  layer  that  block  the  escape  path  of  electrons 
released  from  under  the  surface  and  tends  to  absorb 
the  released  electrons. 


Figure  17(a  and  b).  Showing  the  Effect  of  Coating  On 
The  Secondary  Electron  Yield 

Figure  18  Is  a  curve  by  Brttlnlng  relating  the 
surface  conditions  of  carbon  to  the  electron  yield'5!- 
This  points  out  clearly  that  not  only  Is  the  atomic 
structure  Important  but  also  the  microscopic  arrange¬ 
ment  of  the  elements  l.e.  loose  particles  versus 
smooth  surface. 


Figure  18.  Curves  Showing  the  Difference  In  Secondary 
Yield  for  Carbon  as  a  Result  of  Surface  Conditions 

Note  In  figure  16  the  maxliaum  point  In  the 
secondary  emission  ratio  as  a  function  of  the  energy 
level  of  the  Impinging  electron.  One  would  logically 
assiaae  that  the  total  number  of  secondary  electrons 
freed  from  the  atoms  would  rise  In  proportion  to  the 
energy  level  of  the  received  electron.  Apparently, 
as  the  energy  level  increases  the  Incoming  electron 
penetrates  deeper  Into  the  grid  material  releasing 
more  secondaries  from  deep  within  the  grids  which 
are  reabsorbed  before  reaching  the  grid  surfaces  to 
produce  a  measurable  electron  current.  This  Is  a 
plausible  explanation  for  the  well  defined  region  of 
negative  grid  current  of  typical  grldded  tubes. 
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The.  angle  of  Incidence  of  the  Incoming  electron 
Mill  also  play  a  prominent  role  In  the  emission 
ratio.  It  1$  obvious  that  maximum  energy  Is  ex¬ 
tracted  from  the  velocity  of  the  Incoming  electron 
If  the  electron  impacts  the  surface  perpendicularly 
Mlth  a  greater  probability  of  interaction  with  the 
atomic  structure,  fioure  19  by  Muller  shows  the 
variations  of  secondary  emission  as  a  function 
of  the  incident  angle  of  the  Impinging  electrons. 


Figure  19.  Graph  Relating  the  Incident  Angle  of 
Impacting  Electrons  to  the  Secondary  Electron  Yield 

Demonstration  of  Secondary  Electron  Control 

As  one  of  the  motives  for  building  the  pyrolytic 
graphite  grldded  tube  was  to  prevent  secondary  elec¬ 
tron  formation  at  the  grids,  a  reliable  method  to 
demonstrate  success  or  failure  of  the  effort  was 
needed. 

One  can  see  the  effect  of  secondary  electrons 
far  easier  than  measuring  directly.  A  meter  placed 
In  the  grid  or  screen  circuit  of  a  tube  shows  only 
the  algebraic  sum  of  all  currents  flowing  In  the 
circuit.  A  current  flowing  In  the  grid  circuit 
develops  a  voltage,  polarity  dependent  on  the  direc¬ 
tion  of  current  flows,  across  the  total  circuit 
Impedance.  A  negative  grid  current,  l.e.  primary 
emission  or  secondary  electron  flow  will  produce 
a  positive  voltage  causing  an  unstable  load  for  the 
driver  stage.  It  Is  customary  to  place  sufficient 
shunt  loading  across  the  grid  so  that  the  driver 
always  sees  a  nearly  constant  load.  The  degree  of 
loading  thus  partly  determines  the  total  drive  power 
required  plus  the  stability.  To  see  the  effects  of 
Impedance,  Rl  In  figure  13  was  varied  from  200  ohms 
to  55000  ohms.  The  only  apparent  effect  Is  a  degra¬ 
dation  of  the  rise  and  'fall  time  of  grid  voltage  at 
negative  grid  voltages.  That  no  reversal  of  grid 
current  occurs  Indicates  that  secondary  electrons 
s  been  eliminated  or  greatly  diminished  with  the 
olytlc  graphite  grid.  This  Is  In  marked  con- 
ast  to  a  similar  test  with  the  standard  4CW100000E. 


Increasing  the  shunt  load  resistor  to  little  greater 
than  1000  ohms  made  operation  very  unstable,  and 
positive  grid  drive  above  50  volts  was  Impossible. 
Attempts  to  provide  for  a  pulse  drive  voltage  capa¬ 
bility  of  200-400  volts  prior  to  Initiating  start 
pulse  also  produced  unstable  operation.  This  Indi¬ 
cates  a  significant  reduction  In  the  secondary 
electron  generation.  Compare  also  the  characteristic 
curves  In  figures  7  thru  11  noting  that  no  negative 
grid  currents  appear  and  that  .the  area  where  secon¬ 
dary  screen  appears  is  much  smaller  than  In  the 
4CW1 OOOOOE. 

High  Voltage  Stability  and  Field  Emission 

Considering  the  type  machining  used  and  that  car¬ 
bon  In  some  form  exists  as  loose  particles,  one 
could  become  concerned  that  a  messy  situation  could 
arise  In  the  form  of  loose  particles  or  dust.  Sup¬ 
porting  this  worrisome  thought  Is  that  the  tubes 
tend  to  not  have  as  high  a  holdoff  voltage  as  In 
standard  metallic  grid  designs.  This  1$  not  a  final 
conclusion  yet,  because  conditioning  to  higher  vol¬ 
tage  levels  by  normal  high  potential  testing  has 
been  achieved.  The  first  anode  arc  might  occur  at 
30  KVDC  while  the  next  will  occur  at  slightly 
higher  levels  If  the  energy  In  the  previous  arc  does 
not  damage  the  grid  structure.  Hold  off  to  65  KVDC 
has  been  achieved  after  only  a  few  arcs. 

An  unfortunate  tube  breakage  provided  an  oppor¬ 
tunity  to  observe  where  arcs  had  terminated  on  the 
grid  structure  of  the  X2097V  tube.  It  Is  not  certain 
the  amount  of  energy  deposited  on  the  grid  but  the 
mark  left  by  the  arc  1$  a  slight  darkening  of  the 
dark  gray  surface.  Due  to  the  high  thermal  charac¬ 
ter  of  pyrolytic  graphite,  one  could  expect  arc 
resistance  to  be  a  good  feature  of  pyrolytic  graphite. 

Field  emission  curves  for  the  two  tubes  were 
taken  up  to  a  maximum  of  80  KVDC  between  screen  and 
anode.  At  anode  voltage  of  50  KV  field  emission 
current  Is  0.5ma  for  both  tubes  while  at  75KV  the  U 
and  V  version  have  5.5ma,  and  10  ma  respectively. 

Conclusion 

In  this  paper  a  unique  grid  fabrication  material 
has  been  described  pointing  out  the  strong  positive 
feature  along  with  some  of  the  recognized  negative 
ones  and  suggested  areas  of  future  work  for  Improve¬ 
ments. 

Positive  Factors: 

(a)  High  thermal  and  mechanical  stability 

(b)  Low  secondary  electron  emission 

(c)  High  emlsslvlty  for  better  radiation  cooling 

(d)  Ease  of  fabrication 

(e)  Shows  good  resistance  to  arc  damage 
negative  Factors: 

a)  Can  require  higher  drive  power 

b)  Microparticles 

Areas  of  recoweended  future  work: 

a)  New  methods  of  grid  slot-bar  machining 

b)  Coatings  to  Introduce  controlled  secondary  elec¬ 
tron  generation  to  lower  drive  power  requirements. 

(c)  Microparticle  control . 

References 

1.  S.G.  McNeese:  Final  Rept  RA0C-TR-79-1Q6  May  1979 


2.  W.H.  Smith,  D.H.  Leeds:  Modem  Materials.  Vol  7 
1970  Academic  Prep 

3.  R.I .  Sutherland;  Care  1  Feeding  of  Power  Grid 
Tubes  pg  13,  1967,  Harries 


63 


H.  B ruining:  Philips  Technical  Review,  Vol  3.  6.  H.Q.  Muller;  Ole  Abhanglgkelt  der  Sekundare- 

no  88  lektroneeilsslon  elnlger  Mettelle  no*  Elnfall- 

swlnkel  des  Prlmeren  Kathodenstrehle  Z.  Physics. 

H.  Bmlnlng;  Physics  &  Application  of  Secondary 
Electron  Emission;  Electronics  A  Waves,  Mcfiraw 
Hill  Bood  Co,  Pg  43.  19S4 


THE  1980  FOURTEENTH  PULSE  POWER 


Appllcatlo 
Considerations  of  the 


and  Circuit 

E06iiJ  and  K  Switch  Tubes 


Sterling  S.  McNees 
Elmac  Division  of  Varlan 
301  Industrial  Way 
San  Carlos,  CA  94070 


High  voltage  power  grid  switch  tubes  are  used 
as  simple  DC  off/on  devices  and.  In  addition,  can 
control  pulse  shape  and  act  as  a  voltage  regulator. 
Two  new  high  voltage,  high  current,  switch  tubes 
have  been  developed  by  Elmac  for  expanding  fusion 
energy  programs.  The  X2062J  and  X2062K  have  evolved 
from  basic  power  grid  designs  which  have  been  In 
production  for  many  years  at  Elmac.  Attention  to 
the  proper  design  parameters,  proper  choice  of 
materials  and  their  processing,  plus  many  hours  of 
high  voltage,  high  current  testing  at  the  unique 
Elmac  high  voltage  test  facility  have  resulted  In 
reliable  economical  tetrode  switches.  These  new 
tubes  are  finding  many  applications  around  the 
world  and  have  served  to  advance  the  state  of  the 
art  In  high  voltage  switching. 


The  X2062J  and  K  are  high-voltage  high-current 
•vltch  tubes  (Fig.  1).  The  X2062J  has  a  voltage 
itlng  of  100  KV  and  the  X2062K  130  KV.  Both  tubes 
lave  Identical  current  ratings  of  80  Amps.  Pulse 
lengths  may  vary  from  lu sec.  to  several  seconds. 

As  a  class  D  switch  tube  anode  dissipation  Is  ap¬ 
proximately  22  of  the  total  power  load.  The  X2062J 
has  a  350  KW  continuous  anode  dissipation.  The 
X2062K  rating  Is  750  KH  and,  for  short  pulses,  over 
12  MW.  (Table  1).  This  reserve  capability  means 
that  the  X2062J  and  K  may  be  used  as  voltage  regu¬ 
lators  controlling  such  things  as  pulse  rise  time, 
load  arc  protection  and  recovery  and  compensating 
for  voltage  sag  In  the  power  supply. 

In  this  paper,  voltage,  current,  and  dissi¬ 
pation,  the  three  design  parameters  of  most  Inter¬ 
est  to  the  circuit  designer,  are  discussed  along 
with  various  application  problems. 

Although  voltage  hold-off  Is  the  first  thing 
which  comes  to  mind  when  thinking  of  switch  tubes, 
current  Is  where  the  tube  design  begins.  The  Child 
Langmuir  Law  determines  the  current  density  and 
thus  the  total  anode  area.  The  equation  Is: 


J 


amps  per  unit  area 


VI,  the  anode  voltage  during  current  conduction, 
must  be  greater  than  V2,  the  screen  voltage,  because 
of  anode  secondaries.  The  output  spacing  X  Is  that 
distance  required  for  arc-free  operation  at  the 
rated  voltage  hold-off. 

The  word  "arc-free''  needs  some  defining.  Ho 
high  voltage  tube  can  be  guaranteed  "arc-free". 
Obviously  If  output  spacing  Is  Increased  the  rella- 
Mty  Improves  but  the  rnaxlmw  current  density  de¬ 
sses  and  an  engineering  compromise  Is  necessary. 
jood  definition  of  "arc-free"  Is  less  than  one  arc 
per  day,  and  output  spacing  Is  based  on  this  rather 
Illusive  definition. 


Thus  the  only  way  to  find  out  If  a  tube  meets 
Its  design  voltage  requirements  Is  by  full  power 
testing.  Elmac  has  had  for  many  years  an  In-house 
testing  facility  capable  of  3  W  at  180  KV  con¬ 
tinuous.  This  facility  permitted  pulse  testing  at 
full  current  and  voltage.  Parameters  were  so 
chosen  that  anode  and  screen  dissipation  during  the 
pulse  are  close  to  the  maximum  continuous  ratings. 

This  severe  testing  condition  Is  the  only  way  to 
ensure  that  a  switch  tube  will  meet  the  design  ob¬ 
jectives  and  give  trouble-free  service. 

For  good  efficiency  at  rated  current  and  class 
D  operation,  the  anode  "on  voltage”  should  be  about 
22  of  the  "off  voltage.”  The  point  to  be  made  here 
Is  that  an  efficient  tube  cannot  be  a  small  tube. 

The  X2062J  and  K  are  part  of  a  tetrode  tube  family 
whose  history  goes  back  15  years.  The  J  and  K  uses 
many  of  the  design  concepts  of  these  proven  performers. 
The  major  changes  are  the  anode  and  output  ceramic 
assemblies.  The  X2062J  and  K  are  rated  for  80  Amps 
or  a  current  density  at  the  anode  of  80  ma/em2  for 
the  J  and  70  ma/cm2  for  the  K  at  less  than  2  KV 
plate  voltage. 

As  already  Implied  voltage  hold-off  Is  a 
function  of  spacing  (Fig.  2).  It  Is  also  a  function 
of  shape,  temperature,  material,  and  degree  of 
vacutm.  Much  harder  to  understand,  but  nonetheless 
Important,  Is  the  crystal ography  of  the  materials, 
their  purity,  and  the  amount  of  absorbed  and  dis¬ 
solved  gasses.  Vacuun  arcs  differ  from  typical 
arcs  In  that  the  source  of  Ions  comes  exclusively 
from  the  surfaces  and,  strangely,  mostly  from  the 
negative  element  as  positive  Ions.  The  arc  always 
originates  at  the  negative  element.  Although  ex¬ 
tensively  Investigated,  the  fact  Is  that  there  Is 
not  a  good  understanding  as  to  when  and  where  an 
arc  will  occur.  However,  a  body  of  empirical  know¬ 
ledge  Is  being  gathered.  It  Is  known  that  high 
melting,  high  work  function,  and  high  atomic  number, 
but  not  radioactive  materials,  are  best  for  high 
voltages.  An  oxide  surface  like  chrome  oxide  often 
helps.  The  surface  should  be  clean  and  free  of 
organic  materials.  As  techniques  Improve  one  Is 
seeing  a  slow  but  steady  Improvement  In  the  usable 
voltage  hold-off  for  a  given  spacing,  and  It  Is 
expected  that  there  will  be  still  further  Improve¬ 
ment  In  the  future. 

Anode  dissipation  Is  the  lest  of  the  major 
design  factors,  in  any  water-cooled  tube  the  con¬ 
tinuous  anode  dissipation  rating  Is  limited  by  the 
maximum  heat  transfer  from  the  anode  wall  to  the 
liquid,  whereas  for  short  pulses  the  anode  wall 
acts  as  a  heat  sink.  Although  higher  levels  of  dis¬ 
sipation  can  be  attained;  for  long  life  under  CW 
conditions  the  value  of  heat  transfer  at  the  wall- 
weter  Interface  ranges  from  100  H/cm2  for  low  velocity 
water  to  about  800  H/cm2  for  water  velocity  of  over 
30  ft/sec.  These  figures  are  doubled  for  the  usu¬ 
ally  quoted  value  which  Is  the  dissipation  at  the 
electron  beam  anode  surface.  All  dissipations  above 
100  M/cm2  Involve  the  generation  of  some  vapor  and 
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the  velocity  and  volune  of  water  determine  where  this 
vaoor  will  condense.  If  the  bulk  water  Is  less  than 
70“C  this  condensing  produces  sonic  waves.  These 
waves.  If  close  to  the  anode  surface,  have  the  effect 
of  causing  quick  release  of  the  new  vapor  bubbles 
from  the  surface  and,  thus.  Improving  the  heat  trans¬ 
fer  rate.  It  should  be  noted  that  the  transfer  of 
heat  from  the  anode  to  a  dry  vapor  surface  Is  poor 
and  this  Is  why  vapor  bubbles  must  be  removed 
quickly  to  prevent  tube  runaway.  High  velocity 
water  performs  this  function  and  Is  the  best  way  to 
remove  heat  from  the  anode  wall. 

All  of  this  explanation  Is  fundamental  to 
understanding  the  various  anode  dissipation  ratings 
which  vary  with  pulse  length.  The  published  anode 
dissipation  rating  Is  for  pulse  lengths  greater  than 
100  msec  and  equivalent  to  the  continuous  ratings, 
but  for  shorter  pulses  advantage  can  be  taken  of 
heat  sinking  the  energy  In  the  anode  wall.  For  the 
X2062J  the  rating  goes  from  300  KW  to  9  MW  for  a 
lOusec.  .33  duty.  The  X2062K,  which  has  a  thin  wall 
brazed  steptms  type  anode,  the  rating  Is  750  KW 
continuous  to  12  MW  for  a  lOusec.  pulse. 

Thin  walled  anodes  also  are  an  effective  solu¬ 
tion  to  the  cycling  effects  of  thermal  stress  and 
long-term  creep  which  can  cause  thick  wall  anode 
failures  after  several  hundred  hours  operation.  For 
long  life  and  freedom  from  thermal  ratcheting  prob¬ 
lems  It  Is  best  If  the  anode  operate <350°C.  The 
anode  wall  should  not  heat  sink  more  than 
1500  joules/cu.cm,  and  for  dissipations  longer  than 
50  msec,  the  power  density  should  not  exceed 
750  watts/cm2. 

The  750  KW  continuous  and  12  MW  short  pulse 
dissipation  ratings  for  the  X2062K  provide  ample 
range  for  using  the  tube  as  a  voltage  or  current 
regulator.  The  ability  to  control  the  value  of  the 
current  makes  power  grid  vacuum  tubes  unique  among 
high  voltage  switching  devices.  It  Is  possible 
to  have  a  slow  rise  time  at  the  beginning  of  a 
pulse.  Fall  time  may  be  programmed  If  It  Is  longer 
than  the  natural  decay  of  the  load  circuit. 

The  X2062J  and  K  are  operated  either  as  a  switch 
In  series  with  load,  usually  on  the  high  voltage 
side,  or  as  a  shunt  tube  for  voltage  regulation 
(Fig.  3).  Regardless  of  the  type  of  operation  In  a 
non-reslstlve  type  load  there  Is  the  likelihood  of 
voltage  spikes  and  ringing  In  the  case  of  a  load  arc. 
These  peak  voltages  must  be  added  to  the  normal  DC 
voltage,  and  because  of  this.  In  many  real  applica¬ 
tions  It  may  be  necessary  to  operate  the  tube  at 
well  below  Its  actual  voltage  rating. 

There  are  also  some  limitations  on  current  and 
this  Is  due  to  screen  dissipation.  The  lower  the 
"on  current"  plate  voltage,  the  higher  the  screen 
dissipation,  and  this  point  must  be  taken  Into  con¬ 
sideration  and  proper  trade  off  made  by  the  circuit 
designer. 

The  circuit  Is  sla^le,  but  It  must  be  realized 
that  any  active  device  may  exhibit  unwanted  oscil¬ 
lations.  The  medlun  gain  characteristics  of  the 


this  oscillation  problem.  The  circuit  designer  can 
further  minimize  the  problem  by  using  a  screen  bypass 
capacitor  which  is  effective  up  through  the  low  IMF 
frequencies,  not  driving  the  grid  positive  and 
using  a  small  series  resistance  In  the  grid  lead. 

If  these  steps  are  taken  and  an  oscillation  Is  still 
present,  then  It  Is  best  to  determine  the  exact 
circuit  and  place  a  wave  trap  at  the  appropriate 
position.  Field  experience  so  far  has  shown  no 
troublesome  problems. 

The  question  of  whether  to  use  one  large  tube 
or  many  smaller  tubes  has,  over  the  years,  been 
answered  In  different  ways  with  the  decision  based 
on  performance,  reliability,  and  cost.  In  the  case 
of  high  power  switch  tubes  the  performance  is  for 
the  most  part  Independent  of  size  and  Is  little 
altered  whether  one  tube  or  several  tubes  are  used. 

This  Is  true  whether  the  tubes  are  used  In  parallel 
or  series  or  both.  The  exception  Is  Internal  oscil¬ 
lations,  that  Is,  an  oscillation  whose  circuit  is 
entirely  within  the  tube.  In  large  tubes  this  can  be 
as  low  as  400  MHz,  and  the  larger  the  tube,  the  more 
troublesome  this  type  of  oscillation.  If  tubes  are 
used  in  parallel,  decoupling  elements  may  be  added 
which  will  prevent  multi -tube  type  oscillations,  and 
a  cathode  resistor  of  a  few  ohms  will  provide  a  means 
for  equalizing  the  currents  In  each  tube.  For  tubes 
In  series  a  low  cost  varistor  will  Insure  equal 
voltage  drop  between  tubes. 

The  question  of  reliability  Is  a  moot  point. 

It  Is  certainly  sometimes  true  that  fewer  components 
Improve  reliability.  On  the  other  hand,  very  large 
tubes  are  not  as  rugged,  and  the  problem  of  Internal 
oscillations  becomes  more  difficult  to  solve  with  the 
larger  sizes. 

Thus,  the  decision  to  use  multiple  tubes  or  not 
comes  down  to  cost.  Up  to  a  point,  larger  tubes  are 
more  cost  effective  than  smaller,  but  then,  because 
of  mechanical  problems  caused  by  size,  the  cost 
effectiveness  reverses  and  goes  down.  As  tubes  get 
bigger  In  diameter  thermal  expansion  becomes  a  major 
problem  and  Increased  length  causes  severe  vibration 
and  stability  problems.  Where  Is  this  point?  The 
X2062K  Is  not  far  from  optimise.  Increase  the  diameter, 
costs  go  up  sharply.  In  the  case  of  the  X20620  and  K 
the  length  could  be  Increased  252  before  natural 
mechanical  resonance  causes  problems. 

These  tubes  are  currently  In  operation  at 
Oakrldge,  the  U.S.  Naval  Research  Laboratory,  and 
at  Fusion  Research  facilities  In  both  France  and 
Japan  (Fig.  4).  They  are  In  the  Installation  phase 
for  Doublet  3,  and  have  been  ordered  by  LLl,  the 
Calhan  Lab  In  the  UK,  and  CNEN  Francate  In  Italy. 
Oakrldge  Is  successfully  using  both  series  and 
parallel  arrangements  for  Increased  voltage  and 
current  demands  and  will  shortly  begin  operation 
of  a  system  using  both  a  series  and  parallel  combi¬ 
nation  of  four  X2062K's  for  higher  power  operation. 
These  devices  are  presently  being  used  as  modulator- 
regulators  for  neutral  beam  sources,  gyrotrons  and 
high  power  klystrons,  and  are  finding  homes  In  many 
new  applications. 
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Abstract 

Theoretical  analyses  of  electron  beam  switch 
operation  suggest  that  a  very  fast  electron  beam 
Initiated  switch  with  closing  times  of  a  few  nanoseconds 
and  opening  times  of  less  than  100  nanoseconds  Is 
feasible. 1  A  switch  with  this  short  recovery  time  makes 
high  repetition  rate  operation  possible.  To  experi¬ 
mentally  confirm  these  analyses  a  test  switch  has  been 
designed  In  which  a  nominal  150  kV,  1  kA  electron  beam 
Is  used  to  control  the  switching  of  a  200  kV,  10  kA 
Marx  capacitor  bank.  An  Investigation  of  the 
performance  parameters  of  che  switch  la  being  conducted 
and  che  resulcs  are  providing  data  for  the  development 
of  a  repetitive  switch  capable  of  races  In  excess  of 
10  kHz. 

The  basic  design  of  the  switch  is  a  modification 
of  chat  used  in  electron-excited,  high-pressure  gas 
lasers.2  One  new  feature  is  che  use  of  a  cable  pulse 
forming  line  to  shape  che  electron  beam  waveform.  The 
cable  produces  a  fast  rise  time,  short  duration  electron 
beam  pulse  that  allows  observation  of  the  intrinsic 
properties  of  the  gas  dielectric.  The  electrical  and 
mechanical  design  stresses  low  Inductance  for  short  beam 
pulse  production.  The  design  must  also  be  compatible 
with  a  uniform  electron  beast-current  distribution  to 
avoid  local  heating  which  can  delay  the  opening  of  the 
switch. 

Introduction 

In  the  past  few  years  researchers  have  worked  on  a 
gas  switch  concept  that  appears  to  be  applicable  to 
fast,  high  power  repetitive  switching.3’*’5  In  this 
switch  concept  an  ionizing  electron  beam  Is  Injected 
Into  a  high  pressure  gas  region  which  separates  two 
planar  electrodes.  The  electron  beam  Initiates  a 
volume  discharge  between  the  electrodes  that  is 
maintained  as  long  as  the  beam  is  present.  Since  the 
volume  discharge  is  not  self-sustaining  it  rapidly 
extinguishes  when  the  electron  beam  is  removed  and  the 
gas  regains  its  dielectric  strength. 

In  addition  to  its  fast  recovery  and  potential  for 
repetitive  switching  the  electron  beam  controlled  switch 
(EBCS)  has  the  advantage  that  it  is  trlggerable  over  a 
large  range  of  voltages.  Experiments  show  that  this  type 
of  switch  operates  well  at  50Z  of  its  static  breakdown 
volcage.  Operating  this  far  below  static  breakdown 
virtually  eliminates  prefires,  a  feature  extremely 
Important  in  large  pulse  power  devices  requiring  switch 
synchronization  for  maximum  output.  Furthermore,  experi¬ 
ments  to  date  show  that  jitter  Is  small  ('.9  ns)  and 
fairly  constant  over  the  operating  voltags  range  of  the 
EBCS.6 

The  volume  discharge  generated  by  the  electron  bean 
offers  other  advantages  over  the  conventional  arc  dls- 
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charge  of  spark  gap  switches.  The  moat  significant 
advantage  of  volume  discharge  is  lower  induccance. 

Also,  because  the  volume  discharge  results  in  lower 
switch  current  density,  electrode  erosion  and 
mechanical  shock  associated  with  the  closure  are 
reduced.  These  two  processes  are  the  moat  Important 
causes  of  switch  life  limitation,  which  is  of  major 
importance  in  high  repetition  rate  switches.  The 
volume  discharge  also  helps  designers  adapt  ths  switch 
to  many  design  geometries.  Since  the  switch  current 
occupies  che  same  volume  as  the  electron  beam, 
different  geometries  can  be  accommodated  by 
designing  the  diode  to  produce  the  desired  beam  shape, 
e.g.,  annular,  cylindrical,  rectangular,  etc. 

Theoretical  analyses  of  electron  beam  switch  oper¬ 
ation,  including  gas  chemistry  considerations  and 
multipulse  operation,  have  been  performed. 3  These 
calculations  have  been  performed  using  the  CHMAIR 
air  chemistry  code  which  tracks  approximately  100  rate 
equations  which  can  occur  in  mixtures  of  nitrogen  and 
oxygen.  The  analyses  suggest  that  the  use  of  high 
pressure  nitrogen  gas  ('1.01x10s  Fa  *  10  atm),  with  a 
small  percentage  of  oxygen,  which  is  an  electronegative 
gas,  can  result  in  closing  times  of  a  few  nanoseconds 
and  opening  times  of  on  the  order  of  100  nanoseconds. 
While  other  gases  should  produce  superior  switch 
performance,  their  chemistry  is  not  nearly  as  well 
documented  as  that  of  nitrogen  and  oxygen  and  so 
initial  experiments  will  be  performed  with  combinations 
of  these  two  elements.  After  a  thorough  understanding 
of  the  physical  processes  governing  EBCS  is  obtained, 
other  gas  dielectrics  will  be  used  to  optimize  switch 
closing  and  opening  times. 

The  calculated  fast  turn  on  and  off  times  lndlcace 
that  an  EBCS  can  be  used  in  a  repetitive  mode  at  races 
>10*  Hz.  Experiments  to  dace  have  demonstrated  much 
of  the  phenomenology  associated  with  EBCS.  It  is  the 
intent  of  Chlq  investigation  to  study  the  physical 
principles  controlling  single  pulse  EBCS  operation, 
to  compare  these  findings  with  che  predictions  of  gas 
chemistry  codes  and  to  establish  this  method  of 
switching  for  peak  power  levels  of  greater  than  2  GW. 

This  paper  presents  che  design  and  construction 
progress  on  che  Initial  electron  beam  test  switch. 

A  200  kV,  10  kA,  switched  source  is  to  be  used  in 
these  tests.  The  combination  of  mechanical  and 
electrical  requlremenca  led  to  a  number  of  hardware 
design  problems.  The  solution  to  these  problems 
are  presented  below. 

Electrical  Design 

For  purposes  of  discussion  che  electrical  design 
of  the  EBCS  may  be  divided  into  two  parts:  the  electron 
beam  generator  and  the  voltage  source  to  be  switched. 
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A  detailed  schematic  diagram  of  both  of  these  electrical 
circuits  are  shown  in  Figure  1.  Figure  2  shows  the 
Integrated  circuit  layout  of  the  EBCS.  The  NETTWO 
circuit  analysis  computer  code  was  used  to  analyze  both 
the  electron  beam  generator  and  the  high  voltage  source 
to  determine  the  best  circuit  element  values.  Figure  3 
shows  selected  NETTWO  waveforms  for  these  circuits.  The 
electron  beam  generator  and  the  switched  source  are 
dlacussed  separately  in  the  following  paragraphs. 

Calculations  indicate  that  a  cold  cathode  electron 
beam  gun  with  a  voltage  of  130  kV  and  a  current  density 
of  1  A/cm2  over  a  discharge  cross  section  of  1000  cm2 
should  be  used  to  switch  the  200  kV,  10  kA  Man  capacitor 
bank.1  The  1  A/ cm2  value  was  used  for  design  purposes, 
however  the  current  density  of  the  electron  beam 
will  be  varied  to  determine  the  minimum  possible  current 
needed  to  switch  the  200  kV  voltage  source.  The  cold- 
cathode  design  is  shown  in  Figure  4.  Since  the  electron 
gun  is  a  space-charge  limited  diode,  the  Langmuir-Child 
law  was  used  to  determine  the  anode-cathode  spacing 
needed  to  obtain  the  desired  current  of  1  kA  (i.e. , 

1  A/cm2  over  1000  cm2).  The  geoaetry  of  the  diode  is 
approxliaated  by  one  quarter  of  a  cylindrical  diode.  The 
expression  for  che  space-charge  limited  current  in  this 
geometry  is: 

1  -  1.47xl0"5LV3/2r(i"1  S2  Amps  (1) 

where  L  is  the  length  of  the  cylinders  in  centimeters, 

V  is  che  diode  voltage  in  volts,  r  is  the  radius  of 
the  anode  in  centimeters,  and  8 2  fa  a  function  of  Che 
log  (r  / r^)7  (r.  is  the  radius  of  che  cathode  in 
centimeters).  The  diode  was  modeled  in  cylindrical 
geosMtry  by  assuming  that  r(  is  che  anode-cathode 
separation,  L  the  length  of  the  anode  (50  cm),  and  r.  is 
half  the  thickness  of  che  cathode  blade  (.002  cm).  This 
implies  that  t  2*-l.  In  this  geometry  che  electron  beam 
gun  anode  which  is  the  window  that  allows  transmission 
of  the  beam  into  che  switch  region,  represents  about 
a  90*  portion  of  the  360*  cylindrical  model  anode. 

Using  this  model,  che  anode-cathode  separation  (r  ) 
that  will  give  che  required  current  through  the  anode 
window  is  calculated  from  equation  (1)  to  be  10.7  cm. 

In  general,  che  anode-cechode  separation  decreases 
at  a  rate  of  about  2  cm/usac  due  to  che  plasma  expanding 
from  che  cathode.  The  currant  density  can  therefore 
change  with  time  as  9 2  changes.  For  a  100  nanosecond 
pulse  this  should  decrease  the  current  density  on  the 
order  of  102. 

Electrostatic  lenses  made  from  screen  wire  will  be 
used  to  focus  the  electron  beam  onto  the  anode  window 
to  improve  efficiency.9  The  anode  vlndow  is  0.043  mm 
(1.7  mil)  cltanlum  foil.  The  ISO  keV  electrons  incident 
on  this  anode  will  be  transmitted  with  sufficient  energy 
to  penetrate  1.3  cm  into  che  1.01x10s  Fa  of  nitrogen  gas. 
Anode  foil  lifetime  is  effected  by  electron  bean  heating 
and  overpressure  generated  by  energy  dissipated  in  the 
switch  gap.  This  is  especially  true  in  repetitive 
switching  where  heat  removal  time  is  long  compared  to 
che  burst  rate.  A  titanium  foil  of  this  thickness 
should  reliably  withstand  the  >l.llxl06  Pa  pressure 
differential  and  survive  for  many  shots. 

Although  much  of  che  design  of  the  switch  la 
patterned  after  electron  beam  pumped  lasers,2  the  need 
for  rapid  cum  on  and  turn  off  times  requires  a 
different  electron  beam  generator  Chen  used  with  lasers. 
For  the  initial  single  switch  closure  studies,  the 
electron  beam  generator  consists  primarily  of  a 
transformer  connected  to  two  parallel  3617  high  voltage 
cables  (88nf/line).  The  high  voltage  cables  connected 
to  the  output  of  the  transformer  are  used  as  pulse 
forming  lines  (PFL)  to  produce  a  fast  rising,  100  nano¬ 
second  pulse  for  the  production  of  the  electron  beam. 

In  order  to  achieve  che  desired  150  kV  electrons  with 
proper  current  density  che  Impedance  of  the  current- 
limited  diode  must  be  1300.  This  impedance  mismatch  of 


the  PFL  to  Che  15017  electron-beam  diode  requires  a  charge 
voltage  of  about  180  kV  on  the  PFL  to  produce  che  15 0 
keV  electron.  Unfortunately  the  improperly  matched  PFL 
causes  voltage  reflections  due  to  its  incomplete 
discharge.  This  ringing  may  Inhibit  rapid  termination 
of  the  electron  beam  which  would  interfere  with  the 
opening  of  the  switch  and  thus  complicate  the  study 
of  the  gas  chemistry.  To  circumvent  this  problem  an 
auxiliary  switch  is  used  to  dump  the  PFL  voltage  to 
ground  and  quickly  interrupt  the  e-beam.  In  the  NETTWO 
calculation  the  switch  which  is  located  ac  the  input 
to  che  PFL,  is  closed  66  nanoseconds  after  firing  che 
electron  beam  gun.  This  time  corresponds  to  slightly 
leas  than  che  one  way  transit  time  of  the  PFL  (50  ns) 
plus  the  turn  on  delay  of  the  diode.  Using  this  time 
inverval,  the  switch  to  ground  la  closed  before  the 
voltage  pulae(ref lected  from  the  electron-beam  gun 
when  it  is  fired)  has  reached  the  beginning  of  che  PFL. 
Locating  che  shorting  switch  at  the  input  to  the  PFL 
allows  it  to  be  triggered  at  >902  of  peak  voltage 
putting  leas  demand  on  the  operating  range  of  the 
triggered  spark  gap.  A  100  as  pulse  is  obtained 
since  the  effect  of  the  switch  closure  requires  another 
50  ns  to  reach  the  diode,  at  which  time  che  voltage  on 
the  cathode  reverses  and  the  electron  beam  shuts  off. 

In  order  co  minimize  voltage  reflections  which  might 
prevent  a  rapid  decrease  in  the  diode  voltage,  a 
matching  2817  resiscor  is  put  in  series  with  che  shorting 
svitch.  The  NETTWO  calculations  predict  a  maximum 
voltage  of  30  kV  on  che  cathode  after  the  electron 
beam  is  switched  off  which  is  about  202  of  the  operating 
voltage  of  che  diode.  The  effect  of  the  shorting  switch 
is  shown  in  Figure  5. 

Two  possibilities  for  the  switched  voltage  source  wei 
investigated.  An  LC  generator  9was  considered  and  reject' 
because  its  oscillatory  voltage  would  require  synchroni¬ 
zation  of  the  electron  beam  to  che  generator  output.  A 
Marx  generator  was  chosen  for  the  high  voltage  source 
because  it  would  have  only  a  small  voltage  change  during 
Che  period  that  the  electron  beam  is  being  generated. 
Therefore  the  EBCS  would  be  required  Co  open  with 
approximately  the  same  applied  voltage  that  it  closed. 

The  ability  to  recover  while  voltage  is  still  being 
applied  to  the  switch  terminal  is  one  of  the  unique 
features  of  the  EBCS.  Consequently,  using  a  Marx 
generator  would  allow  testing  of  this  feature.  Further¬ 
more,  synchronization  of  the  electron  beam  co  che 
voltage  source  would  be  much  leas  critical  making  timing 
of  events  easier. 

The  Marx  generator  to  be  used  is  composed  of  four 
stages  of  .22  pf,  50  kV  capacitors  and  uses  a  20(7 
resistor  for  a  load.  This  resistance  will  produce  the 
nominal  10  kA  desired  current  density  of  10  A/cm2. 

It  was  shown  by  the  initial  NETTWO  calculations 
that  the  voltage  applied  across  the  switch  was  well 
above  the  200  kilovolts  expected  from  the  erected 
Marx  capacitor  bank.  This  was  caused  by  the  charging 
of  the  open-switch  parasitic  capacitance.  To  reduce 
this  voltage  a  100  ohm  resistor  was  placed  in  parallel 
with  che  EBCS.  This  over-voltage  might  have  been 
sufficient  to  cause  an  arc  breakdown  in  the  switch  gap 
and  thus  negatively  effect  switch  performance. 

The  transformer  used  co  charge  che  FFL  was  con¬ 
structed  to  the  specifications  determined  by  the  NETTWO 
circuit  analysis.  To  achieve  the  desired  transformer 
output  it  was  found  that  the  required  nacural  frequency 
of  the  secondary  was  2.3  times  that  of  the  primary.  To 
accomplish  this  a  four  turn  secondary  was  wound 
concentrically  with  a  19-1/2  turn  secondary  on  a  30.5  cm 
(12  inch)  diameter  cylinder.  The  turns  are  15.2  cm 
vide,  0.2  ran  (8  mil)  copper  foil  with  6  layers  of 
0.05  ■  mylar  as  insulation.  The  0.3  mm  of  mylar  has 
sufficient  dielectric  strength  to  hold  the  maximum 
expected  voltage  of  10  kV/turn.  A  coupling  coefficient 
of  0.96  was  achieved  with  this  configuration.  During 
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operation  a  0.2  uf  capacitor  with  a  SO  kV  charge  voltage 
will  be  uaed  to  drive  the  primary.  The  natural  frequency 
of  che  primary  la  abouc  ISO  kHz.  Teats  performed  on  the 
transformer  with  an  open  circuited  secondary  show  that 
this  input  frequency  results  In  a  3.7  times  voltage  gain. 
This  Is  In  good  agreement  with  the  NETTVO  calculations 
for  the  open  circuit  gain.  NETTVO  predicts  a  voltage 
gain  of  seven  for  the  PEL  capacitance  as  load  on  the 
secondary.  With  this  gain,  a  26  kV  charge  of  the 
capacitor  would  produce  che  required  ISO  kV  on  the 
electron-beam  diode. 

Mechanical  Design 

The  mechanical  design  for  the  electron  beam 
controlled  switch  has  two  competing  requirements:  (1) 
a  thin  window  that  will  allow  the  electron  beam  to  enter 
che  high  pressure  ('1.01x10s  Pa)  switch  gap  from  the 
vacuum  diode  and  (2)  a  structurally  strong  switch  chamber 
that  can  withstand  the  large  pressure  differencial 
('1.14x10s  Pa  *165  psi).  The  design  is  made  more 
difficult  by  che  large  size  of  the  anode  window  (20  cm 
by  SO  cm).  This  Is  much  larger  than  the  windows  used 
In  previous  experiments.  The  size  increase  la  neces¬ 
sary  in  order  to  be  more  compatible  vlth  high  power 
transfer  requirements  of  large  pulse  power  devices.  In 
order  to  meet  the  two  previously  mentioned  requirements 
several  of  the  mechanical  design  features  of  electron 
beam  excited  lasers  have  been  incorporated.  One  is  the 
use  of  a  "hlbachi"  support  member  that  provides  a 
frame  across  which  che  thin  titanium  window  Is 
stretched.  Calculations  were  made  to  determine  the 
size  of  che  openings  in  che  hlbachi  so  chat 
mechanical  stresses  in  che  foil  were  leas  than 
3.79x10s  Pa.  All  calculations  were  made  using 
2.28x10s  Pa  as  the  assumed  pressure.  This  value  is 
approximately  a  factor  of  two  larger  than  the  estimated 
operating  pressure  of  1.01x10s  Pa.  The  results  of 
these  calculations  agree  with  those  of  Harris2  who 
did  some  of  the  Initial  design  work  for  the  NHL 
electron  beam  excited  lasers.  It  has  been  possible 
to  achieve  approximately  8SZ  transparency  with  the 
hibachl  support  structure. 

The  design  of  the  switch  chamber  is  shown  in 
Figure  4.  A  tradeoff  was  made  In  strength, 
machlnablllty  and  the  required  thickness  of  materials 
for  the  structural  members.  One  and  a  half  Inch  thick, 
high  strength  aluminum  was  chosen  as  the  compromise  for 
the  material  to  be  used  for  che  pressure  chamber  end 
plates.  Because  of  che  large  forces  ('2.83x10s  N) 
exerted  on  the  end  plates  of  the  switch  chamber  consid¬ 
erable  care  had  to  be  taken  in  their  design. 

The  choice  of  the  rectangular  geometry  was  dictated 
by  the  previously  existing  hardware.  Due  to  che 
rectangular  geometry  of  the  switch  It  Is  difficult  to 
make  exact  estimates  of  the  mechanical  stresaes.  All 
approximate  stress  calculations  were  assumed  to  under¬ 
estimate  actual  stress  levels  by  at  least  202  to  add  to 
che  safety  factor.  The  pressure  assumed  for  the  purposes 
of  stress  calculations  was  a  factor  of  two  greater  than 
che  anticipated  initial  operating  pressure  of  1.14x10s 
Pa.  This  was  done  to  account  for  the  expected  pressure 
Increase  as  the  switch  Is  operated.  It  Is  estliutad  that 
the  switch  pressure  Increase  should  be  less  than  one 
atmosphere  per  closure. 

The  geometry  and  size  of  the  high  pressure  chamber 
naka  diagnostic  measurements  difficult.  The  switch  gap 
Is  recessed  Into  the  structural  supports  that  prohibit 
direct  line  of  sight  of  the  entire  volume  discharge. 
Furthermore,  Introduction  of  view  ports  in  the  chamber 
wall  veakana  che  structure.  However  four  small  ports 
have  bean  placed  in  the  chanber  to  allow  for  visual 
observation,  spectrograph  and  laaer  accentuation 
aeaauramants.  These  will  be  In  addition  to  the  current 
and  voltage  measurements  made  of  the  e-baam  and  switch. 


In  the  mechanical  design  of  the  electron-beam  gun 
a  lot  of  effort  went  into  minimizing  the  electric  fields 
in  critical  regions  to  prevent  possible  breakdown. 

Corona  rings  were  used  at  che  edge  of  the  cathode  support 
to  prevent  the  structure  arcing  to  the  vacuum  chaster 
walls.  Also  a  45*  angle  was  used  on  the  cathode 
Insulator  which  Isolates  the  electron  beam  cathode  voltage 
from  ground.  This  angle  minimizes  che  likelihood  of 
breakdown  along  the  surface  of  the  dielectric-vacuum 
Interface.  The  cathode  consists  of  the  edge  of  a  single 
titanium  foil  since  experiments  show  chat  one  edge  gives 
optimum  results.  However,  the  foil  holder  assembly  Is 
designed  so  that  more  foils  could  be  uaed  If  desired. 

Experimental  Program 

The  mechanical  design  of  the  switch  chember  will 
be  tested  by  hydroetatlc  methods  to  Insure  its  ability 
to  withstand  up  to  2.03x10s  Pa  of  presaure.  Hater  Is  used 
for  this  test  since  a  failure  under  gaa  pressure 
would  be  potentially  such  more  catastrophic.  Initial 
experiments  on  Che  EBCS  will  be  performed  to  determine 
the  electron  beam  current  density  and  the  parameters 
that  control  It.  Included  In  this  will  be  a  study 
of  beam  uniformity  in  both  che  electron  bean  chamber 
and  in  the  switch  region.  Adjustment  of  the  electrostatic 
lens  to  optimize  current  through  the  anode  window  will  be 
made  at  this  time.  Once  the  electron  beam  has  been 
characterized,  the  switch  closure  will  be  considered.  The 
voltage  on  the  switch  source  and  che  e-beam  gun  will  be 
adjusted  to  obtain  uniform  volume  discharge  In  the  switch. 

The  various  gas  chemistry  affects  will  be  examined 
and  compared  with  the  CHMAIR  calculations.  During  this 
study  the  effect  of  up  to  12  oxygen  on  the  opening  and 
closing  times  of  the  switch  will  be  considered.  Experi¬ 
mental  measurements  of  formation  rates  of  certain  atomic 
species  will  be  made  spectroacoplcally .  Other 
gas  dielectrics  will  be  examined  after  che  EBCS  operation 
Is  thoroughly  understood  with  nitrogen  and  oxygen 
mixtures.  Satisfactory  agremsent  between  calculation  and 
experiment  will  give  confidence  for  the  design  of  a 
repetitively  operated  EBCS,  which  Is  the  next  phase  of 
this  program. 
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Figure  2  Simplified  circuit  layout  of  the  complete  EBCS. 
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Figure  1  Schematic  diagrams  of  a)  the  electron  beam 
generator  (.2  uF  capacitor  charged  to  26  kV) 
and  b)  the  EBC's  Mara  voltage  source 
(.22  uF  capacitors  charged  to  SO  kV  each). 
The  assimrad  time  histories  of  the  variable 
Impedance  diode  and  and  EBCS  used  for  the 
NLT'l'WO  calculation  are  shown  in  the  insets. 
The  90  pF  in  b)  represents  the  capacitance 
of  the  open  EBCS,  and  switch  Sl(  which  opens 
when  the  EBCS  closes)  is  an  artifact  of  the 
NETTWO  program  which  eliminates  this 
capacitance  at  the  proper  time. 
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Figure  3  a)  NETTWO  predictions  of  the  PFL  voltage  and 
current  waveforms  (at  the  output  switch)  with 
shorting  twitch  .  b)  Calculated  currenc 
through  201)  load  and  voltage  for  the  EBCS. 
Time  histories  of  the  diode  impedance  and 
EBCS  impedance  are  the  tame  as  those  of 
Figure  1. 
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INFLUENCE  OF  THE  DENSITY  OF  THE  SURROUNDING  MEDIUM 
ON  THE 

ELECTRICAL  BEHAVIOR  OF  EXPLODING  FOILS* 


T.  L.  Berger 

Naval  Surface  Weapons  Center 
Dahlgren,  Virginia  22448 


Summary 

The  opening  switch  properties  of  electrically 
exploded  aetallic  foil  fuses  are  reviewed  and  dis¬ 
cussed.  Experimental  results  are  presented  which  show 
that  the  surrounding  medium  significantly  affects  most 
of  the  fuse  properties.  The  experimental  results  are 
discussed  in  terms  of  the  density  and  chemical  ac¬ 
tivity  of  the  surrounding  medium. 


Introduction 

In  recent  years,  inductive  energy  storage  has  be¬ 
come  of  considerable  interest  in  pulsed  power  appli¬ 
cations.  The  primary  advantage  of  inductive  energy 
storage  systems  is  that  the  magnetic  energy  density 
can  be  very  high  in  comparison  with  electrostatic 
energy  storage  systems  (capacitor  banks) .  This  high 
magnetic  energy  density  leads  to  reductions  in  the 
weight,  size,  and  cost  of  the  store.  The  major  dis¬ 
advantage  of  inductive  energy  storage  systems  is  the 
switch  which  is  required  to  transfer  energy  to  the 
load.  Unlike  an  electrostatic  store  which  depends  on 
a  closing  switch,  an  inductive  store  requires  an 
opening  switch.  In  general,  it  is  more  difficult  to 
interrupt  than  to  initiate  current  flow.  For  this 
reason,  the  technology  of  opening  switches  lags  behind 
that  of  closing  switches.  Consequently,  there  is  a 
great  deal  of  research  and  development  in  the  area  of 
opening  switches  which  remains  to  be  done  if  the  ad¬ 
vantages  of  inductive  energy  storage  are  to  be  fully 
realized. 

One  of  the  most  popular  of  the  various  opening 
switches,  and  the  subject  of  this  paper,  is  the  ex¬ 
ploding  metal  foil  fuse.  Fuse  action  is  initiated 
by  disspation  of  Joule  heat  in  the  foil.  When 
suff'v'ent  energy  is  dissipated  In  the  foil, 
nonli..,ar  heating  due  to  the  te^ierature  coefficient 
of  resistance  can  cause  an  explosive  transition  to 
the  vapor  state.  Fuse  resistance  can  change  by 
several  orders  of  magnitude  thereby  disrupting  the 
current  which  permits  energy  to  be  rapidly  trans¬ 
ferred  to  the  load. 

A  good  opening  switch  must  satisfy  several  re¬ 
quirements.  In  addition  to  efficiency  requirements, 
the  switch  should  be  fast,  predictable,  and  able  to 
withstand  high  voltage.  In  the  case  of  exploding  foil 
fuses,  efficiency  is  largely  determined  by  the  maximal 
final  resistance  of  the  fuse  and  the  energy  required 
to  effect  this  resistance.  Predictability  means  that 
the  time  to  burst  can  be  determined  from  circuit 
parameters  and  foil  properties.  Switching  speed  is 
the  time  required  for  the  transition  from  the  con¬ 
ducting  to  the  vaporized  state.  In  order  to  with¬ 
stand  high  voltage,  the  metallic  vapor  must  be  pre¬ 
vented  from  becoming  ionized. 
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There  are  several  variables  which  can  affect  the 
switching  properties  of  exploding  foils.  These  in¬ 
clude  foil  material,  foil  dimensions,  initial  foil 
temperature,  circuit  parameters,  and  the  surrounding 
medium.  These  variables  are  not  necessarily  inde¬ 
pendent.  For  example,  time  to  burst  depends  on  foil 
dimensions,  foil  material,  and  circuit  parameters1. 

In  this  paper,  we  concentrate  on  the  influence  of  the 
surrounding  medium  on  the  switching  properties  of  ex¬ 
ploding  foils.  The  other  variables  are  held  constant. 
Although  exploding  wires  and  foils  have  been  the  sub¬ 
ject  of  a  great  deal  of  study,  the  effect  of  the 
surrounding  medium  has  not  received  adequate  attention 
in  our  opinion.  Three  reasons  are  present  for  sus¬ 
pecting  that  the  surrounding  mediimi  may  significantly 
affect  the  switching  properties  of  exploding  foil  fuses 

(1)  The  state  of  high  resistance  is  realized 
when  the  foil  becomes  vaporized.  According  to  the 
vaporization  wave  hypothesis2,  a  vaporization  wave 
propagates  inward  from  the  surface  of  the  conductor. 
Ahead  of  the  wave,  the  material  is  a  conductor,  and 
behind  the  wave,  the  material  is  highly  resistive 
vapor.  If  the  vapor  is  free  to  expand,  relatively 
long  mean  free  paths  and  energetic  collisions  can 
lead  to  ionization  and  electrical  breakdown  in  the 
outer  boundary  of  the  vapor.  As  pointed  out  by 

Mai sonnier  et  al1,  breakdown  in  the  metallic  vapor  can 
be  prevented  by  placing  the  foil  in  a  high  pressure 
gaseous  environment  or  by  sandwiching  the  foil  between 
insulating  strips.  In  this  picture,  the  density  of 
the  surrounding  medium  should  be  an  important  factor 
in  the  electrical  breakdown  process. 

(2)  Logan  et  al3  have  reported  temperatures  in 
the  neighborhood  of  30,000‘K  for  electrically  exploded 
aluminum  foils.  Due  to  such  high  temperatures,  the 
possibility  for  chemical  reactions  between  the  fuse 
and  the  surrounding  medium  must  be  taken  into  account. 
For  example,  the  reaction 

2A1  ♦  3H20  *  AI2O3  ♦  3H2  ♦  heat 

has  a  temperature  threshold  of  about  700*C.  Conte  et 
al4  have  reported  experimental  results  of  exploding 
aluminum  foils  in  water  and  in  hydrogen  peroxide.  The 
maximum  fuse  resistivity  in  water  was  reported  to  be 
four  tines  higher  than  could  be  fould  in  the  litera¬ 
ture,  presummbly  because  of  the  heat  supplied  to  the 
fuse  and  the  formation  of  highly  resistive  aluminum 
oxide.  The  resistivity  doubled  when  the  water  was 
replaced  with  hydrogen  peroxide,  presumably  because 
hydrogen  peroxide  is  more  chemically  active  than 
water.  Thus,  heat  transfer  and  chemical  reactions  with 
the  surrounding  medium  any  affect  fuse  performance. 

(3)  Krivitskii  and  Litvinenko5  have  suggested 
that  a  pressure  increase  in  the  liquid  sample  will 
tend  to  decrease  the  rate  of  growth  of  vapor  nuclei. 
Since  the  vapor  state  is  the  high  resistance  state, 
increasing  the  pressure  in  the  sample  is  expected  to 
decrease  the  rate  of  rise  of  resistance.  In  addition 
to  magnetic  pressure  produced  by  current  flowing 
through  the  fuse  and  hydrostatic  pressure  exerted  by 
the  surrounding  medium,  shock  wave  pressure  also  needs 
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co  be  taken  into  account.  As  the  foil  is  heated  and  Equation  (1)  becomes 
begins  to  expand,  a  shock  wave  is  radiated  into  the  .. 

surrounding  medium.  This  shock  wave  is  accompanied  v  *  jr  ♦  iRp  (3) 

by  another  shock  wave  which  moves  into  the  sample.  v 

The  intensity  of  this  shock  wave  depends  on  the  den-  Choosing  t'  such  that  di/dt  »  0,  and  measuring  the 
sity  of  the  surrounding  medium.  corresponding  values  of  V  and  i. 


In  the  following,  we  describe  an  experimental 
study  of  the  effects  of  the  surrounding  medium  on  the 
switching  properties  of  aluminum  foils  exploded  in  a 
number  of  different  gases  and  liquids.  We  begin  by 
giving  the  experimental  details.  Next  we  present  the 
results  and  discuss  them.  Finally,  we  draw  some  con¬ 
clusions  from  the  work. 

Experimental  Details 

Figure  1  shows  the  experimental  arrangement.  The 
capacitance  of  the  bank  is  C  *  98uF  and  the  total  in¬ 
ductance  of  the  circuit,  Lc  ♦  I_,  is  either  492  or 
620  nH,  where  Lp  is  the  inductance  between  the  high 
voltage  measuring  point  and  ground  and  Lc  is  the  re¬ 
mainder  of  the  total  inductance.  Rf  is  the  foil 
resistance,  Rf  ♦  Rp  is  the  total  resistance  between 
the  high  voltage  measuring  point  and  ground,  and  Rc 
is  che  remainder  of  the  total  circuit  resistance. 
Voltage  is  measured  with  a  resistive  divider,  current 
is  measured  with  a  current  viewing  resistor,  and  the 
time  rate  of  change  of  the  current  is  measured  with  a 
Rogowski  coil. 


Figure  1.  Experimental  schematic. 


Referring  to  Figure  1,  the  measured  voltage  V  is 
given  by 

V  *  ^  3J-  ♦  IRp  *  iRf  (1) 

Since  V,  i,  and  di/dt  are  measured,  it  is  necessary 
to  determine  Lp  and  Rp  in  order  to  determine  the 
resistance  of  the  foil.  Lp  and  Rp  are  determined  from 
V,  1,  and  di/dt  waveforms  obtained  when  the  foil  is 
replaced  with  a  thick  copper  strap.  The  dimensions 
of  the  strap  are  the  same  as  the  dimensions  of  the 
foil  except  the  strsp  is  approximatsly  20  times 
thicker  than  ths  foil.  Thus,  there  is  negligibis 
change  in  the  inductance.  The  resistance  of  the  strap 
R,  is  much  less  than  i  tfl.  Assuming 


Rp  -  rcfn  *  9-0  («> 

This  justifies  Equation  (2).  Substituting  Rp  *  9mQ 
and  the  measured  values  of  V,  i,  and  di/dt  at  another 
time  t  -i  t'  into  Equation  (3)  gives 

Lp  »  88  nH  (S) 

Fuse  current,  voltage,  and  the  time  rate  of  change 
of  the  current  were  measured  for  foils  exploded  in  the 
following  media: 

Dry  Air 
SO*  02  SO*  N2 
Helium 
Argon 

Distilled  Water 
Transformer  Oil 
30*  Hydrogen  Peroxide 
Carbon  Tetrachloride 
50*  Carbon  Tetrachloride 
50*  Methylene  Iodide 
Methylene  Iodide 
Aluminum  Oxide 

The  following  results  were  obtained  with  an  initial 
c  pacitor  bank  voltage  of  6kV,  bank  capacitance  98  wF, 
and  2.54  cm  x  2.54  cm  x  0.0023  cm  aluminum  foil  samples. 

Experimental  Results  and  Discussion 

Time  to  Burst:  Time  to  burst  is  insensitive  to 
the  surrounding  medii*  and  is  in  good  agreement  with 
the  simple  theory  of  Mai sonnier  et  all.  These  re¬ 
sults  may  be  found  in  an  earlier  report  by  the  author6. 

Peak  Electric  Field:  The  effect  of  the  density  of 
the  surrounding  medium  on  the  peak  electric  field  is 
shown  in  Figure  2.  The  densities  for  the  various  gases 
were  determined  from  the  following  gas  pressures  (PSIG) . 
He:  200,  300;  Air:  0,  100,  200;  SO*  02  50*  N2:  0,  2S, 
100,  200;  Argon:  100,  200,  2 SO,  300.  This  plot  shows 
that  the  peak  electric  field  tends  to  Increase  with 
gas  density,  presumably  because  the  effect  of  Increasing 
the  density  is  to  inhibit  the  expansion  of  the  vapor 
cloud  thereby  decreasing  the  probability  of  ionization 
and  breakdown  in  the  metallic  vapor.  It  appears  that 
the  peak  electric  field  is  weakly  dependent  on  gas 
species.  Due  to  the  spread  in  the  data,  howevar,  this 
effect  may  not  be  real.  Most  of  the  data  points  in 
Figure  2  represent  average  values.  For  example,  the 
data  point  for  SO*  02  SO*  N2  at  100  PSIG  is  an  average 
of  6  shots  while  the  data  points  for  He  at  300  PSIG 
and  Ar  at  100  PSIG  were  obtained  from  only  on*  shot. 

For  a  given  data  point,  the  average  value  of  a  set  of 
measurements  differs  from  the  maximum  or  minimum  of 
the  set  by  as  much  as  10*. 

Under  the  same  experimental  conditions,  the  peak 
electric  field  in  liquids  showed  no  detectable  Increase 
when  liquid  density  was  varied  from  0.9  to  3.1  gm/cm3.6 
This  nay  be  due  to  circuit  limitations  since  there 
appears  to  be  breakdown  in  the  gases  but  not  In  the 

Soruids. 
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Figure  2.  Peak  electric  field  versus  density  of  the 
surrounding  medium  for  aluminum  foils  ex¬ 
ploded  in  various  gases. 
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Figure  It.  Effect  of  density  of  the  surrounding 
medium  on  maximum  fuse  resistance  for 
aluminum  foils  exploded  in  various  gases. 


Time  Rata  of  Change  of  Current:  Figure  3  shows 
that  the  maximum  time  rate  of  change  o£  current  in¬ 
creases  with  the  density  of  the  surrounding  medium. 
There  is  no  evidence  that  maxi  mum  di/dt  depends  on 
gas  species.  In  liquids,  the  only  measurement  made 
was  in  distilled  wateT  where  di/dtmax  *  27.4  kV/usec 
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Figure  3.  Effect  of  density  of  the  surrounding 
medium  on  the  maximum  time  rate  of 
change  of  current  for  aluminum  foils 
exploded  In  various  gases. 

Resistance:  Figure  4  shows  the  maximum  fuse 
resistance  for  foils  exploded  in  various  gases  at 
various  pressures.  As  expected  the  «««■■  resistance 
increases  with  gas  density  but  there  is  no  evidence 
that  gas  species  is  important.  The  measured  value  of 
the  maximum  resistance  in  distilled  water  is 
Rmax  *  226  oft. 

Time  Rate  of  Change  of  Voltage;  The  measured 
voltage  V  depends  on  3  terms  according  to  Bquation 
(1) .  Differentiating  both  sides  of  Equation  ( 1 )  with 
respect  to  time  and  assuming  Lp  and  IL,  are  constants, 
we  have  * 


Prior  to  burst,  our  data  indicate  dv/dt*1010  voits/sec, 
Lpd2i/dt2»109  volts/sec,  and  (Rp  *  Rf)  di/dt«103  volts 
sec.  Thus  prior  to  burst,  dv/dt  is  a  rough  measure  of 
i  dflf/dt.  Since  the  current  was  found  to  be  about  the 
same  in  all  cases  prior  to  burst,  dv/dt  is  a  measure 
of  dRf/dt,  a  quantity  of  considerable  interest  for 
switching  purposes. 

Figure  5  shows  part  of  the  voltage  waveform  at  fast 
sweep  speed  for  a  foil  exploded  in  dry  air  at  ISO  PSIG. 
Notice  that  prior  to  burst,  the  time  rate  of  increase 
of  voltage  is  quite  linear.  The  time  rate  of  change 
of  voltage  was  measured  by  simply  measuring  the  slope 
in  the  linear  region.  In  some  cases,  there  were  sig¬ 
nificant  deviations  from  linearity  which  introduced 
substantial  uncertainties  in  the  measurements.  For 
this  reason,  and  also  because  it  was  necessary  to  mea¬ 
sure  some  of  the  slopes  at  slow  sweep  speed  (2wsec/div) , 
there  is  considerable  scatter  in  the  measurement  of 
dv/dt.  There  appears  to  be  no  significant  change  in 
dv/dt  when  gas  species  or  gas  pressure  is  changed. 
Similarly,  no  consistent  change  in  dv/dt  is  evident 
when  liquid  density  is  changed.  In  general,  however, 
the  data  indicate  that  dv/dt  is  higher  in  the  gases 
than  in  the  liquids.  For  31  gas  shots  and  17  liquid 
shots,  we  obtain 

<dv/ dt>gas  -  57  kV/usec, 

and 

(dv/dt) liquid  «  42  kV/usec. 

Since  dv/dt  is  a  rough  measure  of  dRf/dt,  these  results 
support  the  hypothesis  that  the  internal  shock  wave 
prevents  the  growth  of  vaporization  nuclei  and  hence 
reduces  the  rate  of  rise  of  fuse  resistance. 

Voltage  Pulse  Width  and  Current  Interruption:  The 
voltage  pulse  width  increases  with  die  density  of  the 
surrounding  medium.  This  is  most  clearly  seen  in  the 
difference  between  the  foil  width  at  half  maximum  of 
the  voltage  pulses  obtained  for  foils  exploded  in  gases 
and  in  liquids.  Figure  6  shows  voltage  and  current 
waveforms  for  a  foil  exploded  in  distilled  water  while 
Figure  7  shows  waveforms  for  a  foil  exp'ided  in  dry 
air  at  ISO  PSIG.  We  have 
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Figure  5.  Fuse  voltage  trace  for  aluminum  foil 

exploded  in  air  at  150  FSIO.  Time  in¬ 
creases  to  the  right.  Sveep  speed  is 
100  nsec/div.  Vertical  sensitivity  is 
2.5  kV/div. 


Figure  6.  Voltage  and  current  traces  for  aluminum 
foil  exploded  in  distilled  water.  Time 
increases  to  the  right.  Upper  trace  is 
fuse  voltage  and  the  'Vertical  sensitivity 
is  2  kV/div.  Middle  trace  is  fuse  current 
and  the  vertical  sensitivity  is  20  kA/dir. 
The  lower  trace  is  time  mark  trace  with 
time  marks  500  nsec  apart. 


which  are  typical  values.  Figures  6  and  7  show  also 
that  there  is  ouch  more  current  interruption  in  the 
liquids  than  in  the  gases,  presumably  because  of  the 
increased  density  which  prevents  breakdown. 

Concluding  Remarks 

In  conclusion,  our  experiments  show  that  the  aeditst 
surrounding  At  foil  fuses  affects  fuse  performance 
significantly.  In  gases,  the  peak  electric  field, 
resistance,  and  time  rate  of  change  of  current  all 
increase  with  gas  density.  In  liquids,  no  such  changes 
were  observed  when  the  liquid  density  was  increased. 
This  is  probably  due  to  the  fact  that  restrike  was 
observed  in  the  gases  but  not  in  the  liquids.  On  the 
average,  the  time  rate  of  increase  of  resistance  was 
higher  in  the  gases  than  in  the  liquids,  presumably 
because  in  the  denser  media,  a  stronger  shock  wave 
enters  the  fuse  material  and  slows  the  formation  and 
growth  of  vapor  nuclei.  There  is  no  hard  evidence 
that  chemical  reactions  with  the  surrounding  medium 
affect  fuse  performance. 
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Abatract 

Tha  Croaaatron  iwltch  la  a  hybrid  device  balng 
developed  for  high  povar,  high  frequency  oparatlon.  It 
uaaa  a  crossed-fleld  dlacharge  ganaratad  plasma  aa  a 
aourea  of  eharga  carrlara  and  la  grid  concrollad.  Tha 
coaxial  alactroda  atructuraa  lacluda:  an  anoda,  a 
cathoda,  a  aourea  grid  and  a  control  grid.  A  dc 
■agnatic  flald  (localized  to  tha  gap  between  the 
aource  grid  and  tha  cathoda)  la  uaed  to  auataln  a 
aourea  plaaoa  when  that  grid  la  energized.  Thla 
plaaaa  la  an  adjustable  aource  of  chargea  analogoua  to 
a  thermionic  emitter  with  a  comparatively  negligible 
thermal  Inertia.  Tha  anode  current  may  be  controlled 
by  che  aource  grid  current  and/or  by  tha  control  grid 
potential.  Thla  providaa  for  exceptionally  ahort 
reaponae  time a  and  high  repetition  rate  operation. 

Low  power  teat  model*  have  been  operated  aa  cloalng 
switches  to  wall  over  10  kHz  at  5  kV  and  show  rise 
times  of  15  ns  using  anoda  currants  of  up  to  150  A. 


plasma  generated  by  applying  a  potential  to  tha  aource 
grid  In  tha  presence  of  a  fixed  magnetic  field  and  a 
low  gas  presaure.  In  the  configuration  shown,  tha 
source  grid  la  pulsed  positive  and  providaa  an 
adjustable  source  of  electrons  and  ions.  Tha  charges 
are  held  back  by  tha  presence  of  a  negatively  biased 
control  grid  until  tha  source  plasma  raaehaa  tha 
desired  current  density  (about  5  A/ cm*).  By  raising 
the  control  grid  potential,  the  carriers  are  released 
to  close  a  conducting  path  to  tha  anode.  The  time 
scale  for  this  closure  is  shorter  than  that  obtainable 
by  an  avalanche  discharge  In  the  presence  of  a 
magnetic  field  and  Is  not  sensitive  to  tha  pressure, 
unless  the  anode  current  exceeds  the  source  current. 

At  relatively  low  current  densities,  the  anode  current 
may  be  controlled  In  a  continuous  fashion  by  varying 
tha  source  grid  currant  or  tha  control  grid  voltage. 

At  higher  densities,  tha  device  becomes  unstable  and 
will  latch  Into  che  on-state, and  control  must  be 
regained  by  Interrupting  the  anode  current. 


Introduction 


parlmental  Results 


The  Crossatron  la  a  spinoff  from  croased- 
flald  closing  switch,  vacuum  tube  and  gas  thyratron 
technologies.  Tha  more  recently  demonstrated  croaaad- 
flald  closing  switch1'4  has  bean  shown  to  have  a 
capability  to  handle  large  currents  at  high  voltage. 
This  capability  degrades  aa  one  attempts  to  switch  at 
frequencies  above  1  kHz  or  with  rise  times  less  than 
50  ns.  The  eeaentlal  reason  la  that  a  croasad-field 
dlacharge  la  required  In  the  spaces  between  the  anode 
and  the  cathode  potential  electrodes  In  order  to 
conduct  current.  Such  croeaed-fleld  discharges  have 
finite  response  times  and  require  a  magnetic  field. 
Furthermore,  In  order  to  recharge  the  anode  following 
each  pulse,  the  magnetic  field  must  be  removed. 

The  switch  described  In  this  paper  Is  a  candidate 
for  high  repetition  rate,  high  peak  power  operation. 

It  takes  advantage  of  the  croased-fleld  discharge 
mechanism  to  generate  the  chargea  which  are  used  co 
close  tha  switch  at  high  spaed  without  requiring  a 
magnetic  field  In  the  main  electrode  gap  or  a  heater 
cathode.  The  operating  maehanlam  nay  be  understood  by 
analogy  co  a  thermionic  emitter  in  a  vacuum  cube. 
Referring  to  Fig.  1,  che  emitter  la  replaced  by  a 


Fig.  1.  Coaxial  electrode  arrangement  showing  crossed- 
fleld  dlacharge  generated  source  plasma. 


A.  Three  Electrode  Tests 

Tha  concept  of  a  crossed  field  switch  having  a  dc 
magnetic  field  was  first  explored  using  a  three- 
electrode  device  (Fig.  2).  The  magnet  array  la 


Fig.  2.  Tha  Croaaatron. 


77 

CHI  573-5/10/0000-0077*00.75  e  19*0  IEEE 


visible  on  the  outside  of  cha  tuba.  Tha  functlona  of 
tha  aourea  and  control  grlda  ara  coabinad  Into  ona 
alactroda  supported  froa  below  by  thraa  aaall  bushings 
Tha  outar  cathoda  alactroda  la  10  ca  In  dlaaetar,  tha 
grid  la  9  ca,  and  tha  anoda  (aupportad  froa  above)  la 
8  ca.  All  of  thaaa  ara  atainlaaa  ataal  and  tha  grid 
la  parforatad  ahaat  stock  with  a  30Z  open  araa.  A 
raaouantly  chargad  pulaa  foralng  natvork  la  uaad  to 
supply  tha  anoda  potantlal  and  a  200  ft,  2  kV  pulaar  la 
uaad  to  drlva  tha  grid.  Whan  tha  natvork  la  adjusted 
to  Inaura  cut-off  of  tha  anoda  currant  at  tha  and  of 
aach  pulaa,  tha  davlca  runa  reliably  at  frequencies  of 
up  to  at  laaat  Id  kHz.  Figure  3  vaa  aada  at  3  kV  and 
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SO  fa/dlv 

Fig.  3.  10  kHz  operation  of  three  alactroda  device  at 

5  kV.  Peak  currant  140  A  In  200  na  wide 
pulaa.  Ho  control  grid. 


10  kHz  with  a  paak  currant  of  140  A  laatlng  about 
200  na. 

In  tha  three-electroda  soda  of  operation,  the 
anoda  fall  tlaa  la  a  function  of  tha  trigger  pulaa 
rlaa  tlaa.  Whan  tha  external  circuit  raaponaa  tlaa  la 
alowar  than  tha  ewltch,  tha  aource  current  can 
regulate  ltaalf  Internally  to  aupply  tha  external 
circuit.  But  whan  tha  raaponaa  tlaaa  are  ravaraad, 
tha  initial  anoda  current  la  divided  roughly  equally 
between  tha  cathoda  and  tha  grid.  Then  depending  upon 
which  of  thaaa  alactrodaa  la  uaad  to  return  the  anoda 
currant  (l.a.,  grounded  cathode  or  grounded  grid),  tha 
othar  alaccroda  will  tend  to  rlaa  towarda  anoda 
potantlal.  Thla,  in  turn,  ragulataa  tha  anode  currant 
at  twice  tha  trigger  current  over  a  range  of  anode 
voltagaa.  In  thia  aanaa,  tha  tuba  bahavea  aa  a  crude 
anpllflar.  An  axanpla  of  thla  la  ahown  la  Fig.  4 
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Flg.  4.  Anpllflar  node  showing  raaponaa  of  the  anode 
currant  to  tha  aource  grid  in  tha  absence  of 
a  control  grid.  Thaaa  pulaa  shapes  ara 
generated  over  a  range  of  anoda  voltagaa  fron 
1  to  4  kV.  Kinging  la  tha  tail  of  tha  source 
currant  la  capacitive. 


using  tha  grounded  grid  node.  Tha  top  trace  shows  tha 
anoda  currant  peaking  at  42  A,  while  tha  lower  trace 
is  tha  net  aource  current  which  peaks  at  23  A.  Thla 
situation  prevails  over  a  range  of  initial  anoda 
voltagaa  froa  1  to  at  least  4  kV. 


B.  Four  Electrode  Testa 


In  order  to  isolate  tha  source  plaaaa  generation 
function  froa  tha  anoda  currant  trigger  function,  a 
control  grid  was  added  to  tha  davlca  and  tha  spaclnga 
rearranged  to  iccrmdata  it.  Thia  grid  was  aada  froa 
tha  oaae  stock  aatarlal  as  the  original  source  grid. 

Aa  with  tha  thrae-electrode  davlca,  tha  anoda  return 
currant  divides  aaongst  tha  othar  alactrodaa.  If  tha 
source  current  la  reduced  balow  tha  anoda  currant,  tha 
tuba  behavior  baconas  unstable.  Thus,  it  la  necessary 
to  provide  a  high  source  currant.  This  is  easily 
acconpllahsd,  slnca  tha  anoda  current  nay  be  held  off 
by  biasing  the  control  grid  negative  while  tha  source 
currant  la  Increased. 

A  low  level  dc  kaap-allve  currant  (*  23  nA)  la 
normally  aaintained  In  tha  source  plaaaa  to  avoid 
jitter  whan  tha  aaln  source  currant  is  pulsed.  Slnca 
tha  source  currant  can  have  a  such  longer  rlaa  tlaa 
than  tha  anoda  circuit,  relatively  high  Inductance 
circuits  aay  ba  employed  to  drlva  tha  source  grid. 
Figure  5  was  made  ualng  a  12  us  wide  source  grid 
currant  reaching  about  200  A.  Tha  control  grid  waa 
biased  to  -300  T  and  than  pulsed  to  a  few  hundred 
volte  positive.  Tha  oacillograa  shows  tha  anoda 
currant  with  tha  switch  (grounded  cathoda)  aa  a  load 
on  an  8  £i  pulaa  foralng  network.  Tha  upper  trace  waa 
aada  at  about  1000  T  and  shows  a  square  pulaa  with  a 
20  ns  rlaa  tlaa  and  an  amplitude  of  30  A.  Aa  tha 
voltage  la  lncraaaad,  tha  currant  rise  tlaa  is  reduced 
slightly.  Tha  aeasurad  tuba  drop  waa  about  700  V, 
Independent  of  tha  applied  anoda  voltage  or  current. 
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Fig.  5.  High  frequency  raaponaa  using  a  negatively 

biased  control  grid.  Pulaa  la  triggered  when 
source  currant  reaches  200  A.  The  pulse  shape 
is  determined  by  the  network  while  tha 
aaplltuda  depends  on  tha  voltage  a)  1000  V 
b)  2000  V. 
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Conclusions 


Tha  basic  operating  mechanisms  of  thla  cold 
caehoda  grid-controlled  discharge  device  appaar  to  ba 
applicable  to  high  frequency,  high  currant,  and  high 
voltage,  switching,  amplification,  nodule  don  and 
regulation  eystaai .  Tha  work  reported  upon  hara  was 
done  at  relatively  low  power  and  not  all  of  tha 
possible  alactroda  configurations  have  been  considered. 
But  based  upon  those  preliminary  results  and,  upon 
aarliar  parallel  developments  with  thyratron  and 
electron  tubas,  more  sophisticated  and  useful 
extensions  of  tha  technology  are  likely  to  follow. 
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Summary 

The  Ignition  of  vacuua  arc  switch**  at  rapatltion 
frequencies  up  to  10  kHz  has  baen  achieved.  The  ig¬ 
nition  technique  used  was  originally  described  by 
Gilaour  and  Lockwood. A  currant  puls*  was  used  to 
vaporize  a  conductive  film  on  che  insulator  between 
che  cathode  and  the  anode.  Studies  of  energy  re¬ 
quired  for  arc  Ignition,  as  a  function  of  variations 
in  lgnltor-cathode  configuration,  ignition  voltage, 
and  ignition  pulse  length  were  performed.  Switch 
and  circuit  configurations  required  to  prevent  mis¬ 
fires  and  to  prevent  arc-current  coupling  to  the 
ignition  circuit  will  be  discussed.  Finally,  che 
ignition  circuit  will  be  described  along  with  re¬ 
finements  required  for  Increasing  ignition  repeti¬ 
tion  frequencies  to  the  50  kHz  to  100  kHz  range. 

Introduction 

Vacuum  arc  ignition  can  be  accomplished  by  any 
one  of  several  techniques.  For  example,  several  milli- 
joules  of  energy  from  a  pulsed  laser  can  be  used  to 
vaporize  and  ionize  material  from  either  the  negative 
or  the  positive  electrode. U)  When  thie  plasma  bridges 
the  gap  between  che  electrodes,  a  vacuum  arc  will  occur 
if  sufficient  voltage  la  applied  to  the  electrodes. 

A  second  technique  for  igniting  vacuum  arcs  is  Co 
bring  an  igniter  electrode  into  contact  with  the 
cathode.  By  passing  sufficient  current  through  the 
contact  points,  and  than  withdrawing  the  igniter 
electrode,  an  arc  can  be  Initiated.  This  technique 
is  commonly  used  In  switchgear  and  Is  useful  when 
repeated  arc  ignition  Is  not  required. 

High-voltage  (several  thousand  volts)  breakdown 
between  two  electrodes  across  the  surface  of  an  in¬ 
sulator  can  be  used  to  vaporize  one  or  both  electrodes 
and  thus  lead  to  arc  ignition.  Attempt*  to  use  a  high 
voltage  pulse  to  "break  down"  a  vacuua  gap  (rather 
than  the  surface  of  an  insulator)  have  not  produced 
satisfactory  results.  This  technique  has  been  found 
to  lead  to  unreliable  Ignition  and  there  is  a  strong 
tendency  for  arcs  to  occur  where  they  are  not  wanted. 
Finally,  subatantial  energy  Is  dissipated  in  the  ig¬ 
nition  circuit.  ... 

An  arc  ignition  technique  reported^  '  to  be 
extremely  succeaeful  employs  a  titanium  hydride 
Igniter.  A  small  current  puls*  Is  passed  through 
the  igniter  causing  the  release  of  a  small  amount 
of  hydrogen.  The  hydrogen  Ionizes,  leading  to  an  arc. 

In  the  arc  Ignition  technique  used  with  a  high 
degree  of  success  at  the  State  University  of  New  York 
at  Buffalo  (SUNYAB)^'"  a  current  pulse  is  used  to 

*Partlally  supported  by  the  Air  Force  Aeropropulsion 
Laboratory  through  The  Southeastern  Center  for 
Elacttlcal  Engineering  Education,  Contract 
F  3361 J-77-C-2059 . 


vaporize  a  portion  of  a  conductive  film  on  the  sur¬ 
face  of  an  insulator  located  between  the  cathode 
and  an  igniter  electrode.  Possible  configurations 
of  the  lgnlter/cathode  assembly  are  shown  in  Figure  1. 
The  plasma  burst  resulting  from  the  Ignition  current 
pulse  fills  the  interelectrode  space.  During  the  en¬ 
suing  vacuum  arc  discharge,  the  conducting  film  on 
the  insulator  is  regenerated  by  the  deposition  of 
material  from  the  metallic  plasma.  The  system  is 
thereby  prepared  for  a  subsequent  ignition  pulse. 


Figure  1.  Possible  configurations  of  Igniter/ 

cathode  assembly  In  vacuum  arc  switch. 


The  primary  advantages  of  the  SUNTAB  film 
vaporization  ignition  technique  over  other  techniques 

are: 

1.  No  moving  electrodes  are  required. 

2.  Insulation  problems  are  minimized 
because  a  relatively  low  voltage 
(few  hundred  volts  at  most)  le 
required  for  ignition. 
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3.  Energy  supplied  by  the  Ignition 
circuit  ie  used  primarily  to 
produce  the  ignition  plesna 
burst.  Thus,  ignition  energy 
is  minimized.  This  ie  perti- 
culerly  iaportant  at  high 
repetition  frequencies  where 
Ignition  power  is  substantial. 

4.  Automatic  cathode  positioning 
is  possible. 

Electrode  Configurations 

For  efficient  arc  ignition,  the  ignition  plasaa 
must  be  permitted  to  bridge  the  cathode-anode  gap  in 
the  most  effective  manner  possible.  For  example,  as 
is  shown  in  Figure  2,  an  ignition  plume  Chat  la 
ejected  so  chat  a  considerable  portion  of  It  is  inter¬ 
cepted  by  the  anode  (anode  in  position  A)  readily 
leads  to  the  establlahswnt  of  a  vacuum  are.  If  the 
anode  is  located  at  position  B,  only  a  small  portion 
of  the  ignition  plume  is  Intercepted  and  arc  ignition 
requires  a  much  larger  ignition  plasma  burst  and  a 
correspondingly  larger  ignition  energy  pulse. 

The  position  of  the  surface  of  the  cathode  rela¬ 
tive  to  the  insulator  surrounding  it  also  plays  a 
role  in  determining  the  ignition  energy  requirement. 

As  is  shown  in  Figure  3,  If  Che  surface  of  Che  cathode 
is  above  of  below  the  surface  of  the  surrounding  in¬ 
sulator,  a  portion  of  the  ignition  plasms  may  ba 
prevented  from  expanding  in  Che  desired  manner  toward 
the  anode.  If  a  portion  of  the  plasma  is.  In  effect. 
Crapped  near  the  cathode  then  additional  energy  will 
be  required  to  generate  sufficient  plasaa  to  ensure 
reliable  arc  Ignition. 


Figure  2.  Ignition  plasaa  burst  in  relation  to 
two  possible  positions  of  the  anode. 

It  is  extremely  iaportant  to  avoid  vacuum  gaps 
between  the  igniter  electrode  and  the  cathode  when 
designing,  fabricating  and  assembling  the  igniter- 
cathode  components.  Even  vary  small  gaps  (a  few 
thousandths  of  an  inch)  greatly  Increase  the  ignition 
voltage  and  energy  requirements.  An  example  of  the 
effect  of  a  vacuum  gap  (resulting  from  Incorrect  com¬ 
ponent  assembly)  Is  shown  in  Figure  4.  The  vacuum  gap 
resulted  from  a  tilted  igniter  electrode  as  is  shown 
la  Figure  5.  The  reliability  of  ignition  was  dependant 
on  ignition  voltage,  anode  voltage  and  Ignition  energy. 
Note  that  about  a  Joule  of  Ignition  energy  was  re¬ 
quired  for  reliable  ignition.  This  is  two  orders  of 
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Figure  3.  Correct  and  incorrect  cathode 
positioning. 
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Figure  4.  Ignition  reliability  ss  functions  of 
ignition  anargy  and  a nods  voltage 
for  an  ignition  voltage  of  2000  V. 
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Materials 


Figure  S.  Vacuum  gap  In  ignicer/cathode 

aaaaably  rasuldng  from  Incorrect 
component  assembly. 

magnitude  greater  than  the  energy  that  waa  required 
when  the  vacuum  gape  were  eliminated. 

Recently,  to  enaure  continuity  of  the  ignition 
film  from  the  Igniter  to  the  cathode,  a  thin  film 
(->.0.1  micron  thick)  of  cathode  material  haa  been 
sputter  deposited  on  the  surface  of  the  Igniter  In¬ 
sulator  prior  to  final  assembly  of  the  cathode  and 
Igniter  components.  Thus  film  extends  well  under 
the  Igniter  electrode.  Thus,  there  Is  no  longer 
any  question  about  there  being  electrical  contact 
between  the  Igniter  electrode  and  the  film. 

When  operation  for  long  periods  of  time  is 
required,  it  Is  Important  to  design  the  igniter 
electrode  so  that  the  surface  facing  the  anode  is 
even  with,  or  recessed  below  the  cathode  and  In¬ 
sulator  surface  as  is  shown  In  Figure  6.  If  this 
Is  not  done,  then  cathode  material  will  be  deposited 
on  che  igniter  surfaces  within  Una  of  sight  from 
the  cethode.  These  deposits  will  gradually  Increase 
in  thickness  and  will  eventually  cause  a  short  circuit 
from  the  Igniter  to  the  cathode. 
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Figure  6.  Correct  and  incorrect  igniter- 
electrode  configurations. 


During  operation  of  the  vacuum  arc  switch, 
erosion  of  the  surfaces  of  the  insulator  adjacent 
to  the  cathode  occurs.  Shown  In  Figurs  7  is  an 
aluminum  oxide  ineuletor  efcer  1.48  x  107  pulses 
of  opsration.  Insulator  arosion  lands  primarily 
to  two  modes  of  switch  failure.  In  one,  che  effective 
path  length  between  the  cethode  end  Igniter  increases 
causing  an  lacreass  In  film  resistancs.  This  In  turn 
prevents  ths  ignition  circuit  from  operating  properly. 

In  ths  othsr  mods  of  switch  failure,  an  automatic 
mechanism  is  ussd  to  continually  fsed  cathode  material 
Into  che  twitch.  The  tapered  under aide  of  the  Insulator 
la  used  to  position  the  cathode.  When  the  Insulator 
becomes  sufficiently  eroded,  the  cathode  la  no  longer 
properly  positioned,  causing  Ignition  failure.  In 
extreme  cases  of  Insulator  erosion,  the  cathode  feed 
mechanism  may  force  the  cathode  rod  through  the 
aperature  in  the  insulator. 


Figure  7.  Erosion  of  aluminum  oxide  insulator 

after  1.48  x  107  pulses  of  operation. 
Photograph  shows  Insulator  brokan 
Into  three  sections.  Csthods  was 
automatically  fed  Into  tapered  side 
of  insulator. 

In  general.  It  has  besn  found  that  che  erosion  rata 
Is  Inversely  proportional  to  the  hardness  of  the  insula¬ 
tor  material.  High  danaity  aluminum  oxide  Is  one  of 
the  bast  materials  that  has  besn  cestad.  Boron  carbide 
end  diamond  are,  of  course,  harder  chan  aluminum  oxide; 
however,  ere  ignition  difficulties  have  been  experienced 
with  these  materials.  Cathodes  fabricated  from  high 
boiling  temperature  materials  ylsld  higher  insulator 
erosion  ratas  than  do  cathodes  fabricated  from  low 
boiling  temperature  materials.  The  use  of  a  large- 
diameter  cathode  results  in  a  lower  insulator  erosion 
rate  than  does  the  use  of  e  emall-d lame  ter  cathode. 

On  the  other  hand.  It  must  be  realised  that  che  arc 
tends  to  rsaaln  near  the  Ignition  point  and  so  there 
is  a  danger  with  large-area  cathodes  that  erosion  will 
not  be  uniform.  It  has  beau  determined  that  for  short 
pulses.  It  Is  ths  amount  of  charge  in  the  pulse,  not 
the  duration  of  the  pulse,  that  la  Important  In  deter¬ 
mining  how  much  of  the  cathode  surface  area  le  consumed. 
This  wes  shown  to  be  the  ceee  by  keeping  the  amount  of 
charge  constant  while  varying  the  pulsewldth.  In  this 
experiment  the  percentage  of  the  area  of  the  cathode 
surface  thee  waa  consumed  was  constant.  That  experiment 
wes  carried  out  at  e  relatively  low  charge  level  (10~2C) 
and  should  be  repeated  et  higher  levels. 

The  energy  required  for  arc  Ignition  le  very  highly 
dependent  on  cathode  naterial.  In  general,  ignition 
energy  le  roughly  proportional  to  the  product  of  the 
boiling  temperature  end  thermal  conductivity  of  the 
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cathode.  A  major  exception  is  gold.  When  comparing 
gold  and  copper,  it  is  noted  that  the  products  of 
boiling  temperature  and  thermal  conductivity  for 
gold  and  copper  are  nearly  the  same.  However,  the 
energy  required  to  ignite  an  arc  on  gold  is  at  laaac 
two  orders  of  magnitude  lass  than  for  copper! 

For  a  number  of  reasons  chromium  has  been  found 
to  be  a  highly  desirable  cathode  macerlal  for  use  in 
the  SUHTAB  vacuum  arc  switches.  Its  eroaion  rate 
(  'u.OS  mg/C)  is  very  low  so  chat  its  use  enhances 
switch  life.  It  is  an  excellent  gattering  material 
and  the  vacuum  lavel  in  a  switch  containing  chromium 
is  found  to  continually  improve  as  the  switch  is  used. 

Fortunately,  chromium  is  also  a  material  that 
requires  only  about  5  millijoules  for  arc  ignition 
when  the  proper  electrode  configurations  are  used. 

Electrical  Considerations 

In  its  simplest  form,  the  Ignition  circuit  is 
as  shown  in  Figure  8.  After  the  capacitor,  C,  has 
been  charged,  it  is  discharged  with  a  switch  through 
the  ignition  film  with  the  rate  of  discharge  being 
limited  by  the  Inductance  of  the  circuit.  Typical 
ignition-voltage  and  current  waveforms  are  shown  in 
Figure  9  along  with  the  main  switch  current  waveform 


Figure  8.  Simplest  form  of  ignition  circuit. 


when  the  switch  is  used  in  an  LC  circuit  such  as  the 
sen-  tapacltor  inverter  circuit.  The  ignition 
volt  (;t.  initially  increases  across  the  ignition 
film  until  film  vaporization  occurs.  Then,  very 
rapidly,  as  a  metallic  plasma  Is  formed  the  effec¬ 
tive  film  resistance  drops  to  a  very  low  value  and, 
simultaneously,  the  ignition  voltage  drops.  At 
this  point,  the  ignition  current  la  limited  pri¬ 
marily  by  the  inductance  of  the  circuit  and  so  a 
half-sinusoidal  current  pulse  is  generated. 

To  adapt  this  basic  triggering  circuit  to  the 
repetitive  ignition  mode  required  in  the  Inverter 
application  of  the  vacuum  arc  switch  dictated  several 
modifications.  The  resulting  triggering  circuit, 
called  the  pulse  power  amplifier,  is  shown  in 
Figure  10  and  consists  of  two  identical  circuits. 


Figure  10.  Vacua  arc  switch  ignition  pulse  power 
amplifier. 

one  for  each  of  the  vacuum  arc  switches  employed  in 
the  inverter.  Looking  at  the  left  half  of  this 
circuit,  SCR3  controls  the  initiation  of  the  resonant 
charging  of  Cj  through  L^.  SCR^  similarly  controls 

the  discharge  of  through  the  pulse  trsnsformer, 

Tj ,  which  couples  this  resulting  ignition  pulse  to 
a  vacuum  arc  switch.  The  addition  of  T^  was  found  to 

be  necessary  to  isolate  the  triggering  circuit  from 
che  relatively  high  voltages  and  currents  in  the 
Inverter  circuit.  This  pulse  transformer  has  a 
Faraday  shield  between  che  primary  and  secondary 
windings  to  reduce  coupling  through  the  inter- 
winding  capacitance.  The  operation  of  the  right 
half  of  tbs  circuit  is  identical,  and  the  output 
of  this  circuit  is  used  to  ignite  the  other  vacuum 
arc  switch. 

The  basic  timing  waveforms  for  the  pulse  power 
amplifier  are  shown  in  Figure  11.  These  waveforms 
vere  generated  as  shown  in  Figure  12.  The  waveform 
V^  is  furnished  by  a  pulse  generator  having  con¬ 
trolled  output  burst  capability. 

It  was  reported  earlier  ^  5  ^  that  vacuum  arc 
switches  in  che  inverter  circuit  would  frequently 
come  into  conduction  without  the  application  of  an 
ignition  pulse  from  tbs  triggering  circuit.  This 
problem  was  eliminated  by  connecting  a  0.02  uF 
capacitor  between  the  igniter  and  cathode  electrodes 
of  the  vacuum  arc  switches. 

As  progress  was  made  in  achieving  control  over 
the  ignition  of  the  vacuum  arc  switches,  efforts 
began  to  focus  on  increasing  the  ignition  race, 
thus  increasing  the  duty  cycle  of  the  switches. 

Many  consecutive  tests  have  been  performed  ac  a 
duty  cycle  approaching  SOX  (which  is  the  maximum 


Figure  9.  Ignition  waveforms. 
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Figure  11.  Ignition  pulse  power  amplifier  timing 
waveforms. 


Conclusions 

Control  of  the  repetitive  ignition  of  vacuum 
arc  switches  has  thus  been  achieved  for  frequencies 
up  to  10  kHz  using  a  series  inverter  as  a  test  bed. 

In  achieving  this  repetitive  Ignition  several  dif¬ 
ferent  ignition  tachniquea  were  inveatlgated ,  with 
the  SUNYAB  film  vaporization  Ignition  technique 
proving  to  be  superior.  Tests  on  electrode  con¬ 
figurations  revaaled  that  care  should  be  taken  to 
eliminate  any  vacuum  gaps  between  the  igniter 
electrode  and  cathode  and  that  the  anode-facing 
surfaces  of  these  two  electrodes  should  be  even. 
Aluminum  oxide  has  proved  to  be  a  superior  material 
for  use  as  an  insulator  in  the  vacuum  arc  switch, 
and  chror.ium  is  very  desirable  as  a  cathode  material. 
Electronic  control  of  the  repetitive  ignition  has 
been  achieved. 


Figure  12.  Ignition  pulse  power  amplifier  timing 
circuit  block  diagram. 

permiaaable  by  the  application)  for  up  to  2000 
pulses.  No  degradation  of  vacuum  arc  switch  per¬ 
formance  was  aoced  during  these  tests. 

In  the  inverter  application,  vacuum  arc  switch 
current  was  commutated  to  zero  by  the  aeries  resonant 
Inverter  circuit.  This  conduction  termination  was 
followed  by  a  brief  pause  to  allov  that  switch  to 
recover  before  igniting  the  other  switch.  As  has 
been  described  ( • ) ,  this  recovery  is  essential  in 
the  Inverter  to  prevent  shorting  the  dc  source. 
Because  of  this,  an  Investigation  of  the  recovery 
race  characteristics  of  the  vacuum  arc  switch  has 
begun.  In  this  investigation,  careful  control  of 
the  recovery  time  is  important,  so  a  new  triggering 
circuit  la  being  developed  to  provide  this  timing. 

In  this  circuit  the  time  of  the  reduction  of  vacuum 
arc  switch  current  to  zero  ia  detected.  A  controll¬ 
able  delay  than  ensues  after  which  a  positive  anods- 
to-cathode  voltage  is  reapplied.  This  sequence  will 
all  be  controlled  by  the  new  timing  circuit,  and 
the  testa  will  use  the  Inverter  as  a  test  bed  for 
the  vacuum  arc  switches.  An  additional  feature  of 
this  naw  triggering  circuit  is  that  it  is  designed 
to  permit  ignition  repetition  rates  up  to  100  kHz, 
making  higher  frequency  testing  of  the  vacuum  arc 
switch  possible. 


The  series  Inverter  continues  to  be  a  good  test 
bed  for  the  investigation  of  the  vacuum  arc  switch 
used  as  a  closing  switch  in  a  dynamic  lnter-elactrode 
voltage  environment.  Teats  performed  indicate  that 
the  vacuum  arc  switch  has  higher  frequency  capability 
and  the  limits  of  this  capability  are  under  investiga¬ 
tion. 
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Sumwary 

Research  has  been  conducted  to  develop  a  trig¬ 
gered  vacuum  gap  switch  capable  of  100  kV,  100  kA, 
100  C  crowbar  operation.  An  experimental  version 
of  the  switch  has  been  constructed  and  consists  of 
two  electrodes  contained  In  a  bake able  vacuum  en¬ 
closure.  The  electrodes  have  been  made  of  various 
materials  including  copper,  Elkonite,  graphite, 
brass,  and  tungsten/copper.  The  switching  action 
is  initiated  by  using  a  BaTIOj  surface  flashover 
trigger  located  In  one  electrode.  The  triggered 
gap  has  been  operated  with  vacuum  and  mercury  va¬ 
por  having  a  pressure  of  1  mTorr.  The  switch  is 
tested  using  a  125  kV  9  .23  yF  and  a  510  uF  9  10  kV 
source  for  high  current,  simulated  crowbar  opera¬ 
tion. 

Trigger  delays  have  been  measured  to  be  on  the 
order  off  100  nsec  for  both  vacuum  and  low  pressure 
gas  filled  gaps.  The  delay  has  been  found  to  be 
more  dependent  on  trigger  energy  than  trigger  vol¬ 
tage.  Copper  electrodes  have  been  subjected  to 
hundreds  of  50  kA  discharges  with  little  degrada¬ 
tion. 


Introduction 

A  triggered  vacuum  or  low  pressure  gas  switch 
has  been  constructed  and  characterized.  The  switch 
has  been  designed  to  crowbar  a  capacitlvely  driven 
inductive  load  at  peak  current  and  hence  minimum 
voltage.  The  switch  has  therefore  been  designed 
to  be  capable  of  triggering  at  low  voltages,  on 
the  order  of  1  kV.  Other  design  parameters  to  be 
met  Include  a  hold-off  voltage  exceeding  50  kV, 
inductance  of  approximately  40  nH,  unidirectional 
current  conduction  and  charge  transfer  capability 
of  100  kA  and  100  C,  respectively,  trigger  delay 
of  less  than  200  ns,  and  a  long  lifetime  (greater 
than  l(r  shots).  Essentially  all  of  these  goal  per¬ 
formance  parameters  have  been  achieved  with  the 
exception  of  lifetime. 

Candidate  switches,  for  the  delineated  per¬ 
formance  parameters,  Include,  in  addition  to  low 
pressure  or  vacuum  switches,  high  pressure  (  1 
ATM)  spark  gaps  and  ignltrons.  High  pressure  spark 
gaps,  capable  of  greater  than  50  kV  hold-off 
potential,  cannot  be  triggered  at  low  voltages; 
l.e.,  the  triggerable  operating  range  Is  relative¬ 
ly  small.  High  pressure  gaps  are  typically  capable 
of  transferlng  charge  on  the  order  of  only  a  few 
Coulombs.  Ignltrons  can  actually  meet  all  of  the 
performance  specifications  except  the  high  with¬ 
stand  voltage.  Ignltrons  also  suffer  from  such 
problems  as  arc  transfer  to  the  wall  and  trigger 
amalgamation.  These  problems  shorten  ignitron 
lifetime  and  ultimately  lead  to  failure. 

*  Work  aponaorad  by  Loa  Alaaoa  Scientific 

Laboratory. 


Vacuum  or  low  pressure  gas  (low  pressure  Im¬ 
plies  operation  to  the  left  of  the  Paschen  mini¬ 
mum)  switches  have  definite  advantanges  for  crow¬ 
bar  applications,  as  compared  to  high  pressure 
gas  switches.  The  work  of  other  researchers  and 
the  results  reported  here  show  that  switches  of 
this  type  can  hold-off  DC  and  oscillatory  voltage 
on  the  order  of  70  kV  and  trigger  at  voltages  as 
low  as  a  few  hundred  volts  with  a  delay  and  jitter 
on  the  order  of  100  ns  and  10  ns,  respectively. 

The  trigger  delay  has  been  observed  to  decrease  as 
the  anode  to  cathode  voltage  decreases.  This  be¬ 
havior  facilitates  triggering  of  parallel  gaps 
which  will  continue  to  trigger  even  though  the 
anode  to  cathode  voltage  Is  reduced  by  a  triggered 
parallel  switch. 

It  should  be  noted  that  the  addition  of  low 
pressure  gas  to  the  vacuum  switch  has  been  observed 
to  Improve  the  voltage  hold-off  and  to  decrease 
the  trigger  delay.' 

The  switch  design  is  capable  of  holding  off 
maximum  DC  and  oscillatory  voltages  of  70  kV.  The 
switch  delays  have  been  measured  to  be  approximate¬ 
ly  100  ns  with  10  ns  associated  jitter.  This  paper 
will  describe  the  switch  design  and  construction, 
describe  the  excitation  sources  and  experimental 
arrangement,  and  present  the  switch  operating  char¬ 
acteristics. 

Switch  Construction 

The  switch  constructed  and  tested  is  shown  In 
Figure  1  and  consists  of  two  circular  disk  electrodes 
separated  by  a  1  cm  gap,  a  bakeable  glass  enclosure, 
and  a  trigger  mechanism  located  In  the  lower  elec¬ 
trode  (the  cathode). 

The  main  discharge  occurs  between  the  two  disk 
shaped  electrodes  shown.  The  electrodes  are  present¬ 
ly  constructed  of  OFHC  copper  and  are  easily  remove¬ 
able  from  the  stainless  steel  supports  to  facilitate 
planned  life  tests  with  other  electrode  materials. 

The  vacuum  enclosure  or  gas  containment  vessel 
consists  of  a  4"  diameter  pyrex  tube  and  stainless 
steel  flanges.  The  tube  and  flanges  are  joined 
using  a  glass  to  metal  seal.  All  flange  connections 
are  made  using  copper  gaskets  to  permit  baking  of 
the  entire  system.  The  switch  Is  evacuated  or 
filled  with  gas  through  a  vacuum  port  located  on 
the  top  flange.  Both  the  top  and  bottom  flanges 
are  connected  to  liquid  containment  troughs. 

These  troughs  are  filled  with  either  ice  water  or 
acetone  and  dry  ice  and  provide  cooling  for  the 
electrodes  and  support  structures. 

Electrical  connections  are  made  to  the 
switch  by  attaching  six  RG-17  coaxial  cables  to 
the  top  flanges.  The  cables  are  symmetrically 
located  around  the  perimeter  of  the  flanges. 

The  test  vessel  shown  1$  some*4ut  long 
and  contributes  significantly  to  the  switch  In¬ 
ductance.  The  configuration  Inductance  can  be 
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figure  1.  Plaama  Triggered  Vacuum  Gap. 


Figure  2.  Plaaaa  Trigger  Electrode. 


substantially  reduced  by  shortening  the  containment 
vessel.  The  long  vessel  is  presently  being  used  to 
penal t  optical  diagnostics  of  the  switch  discharge. 
The  Min  discharge  Is  Initiated  by  plasM  ejected 
Into  th»  gap  from  a  hole  In  the  bottoai  electrode. 
This  electrode  Is  consistently  used  as  the  cathode. 
The  plasM  Is  mroduced  by  a  discharge  across  a 
BaTIO-  surface.  Details  of  the  trigger  MChanlsai 
are  shown  In  Figure  2.  The  trigger  consists  of  a 
tungsten  trigger  pin  located  at  the  center  of  a 
BaTIO,  disk.  The  BaTIO,  disk  Is  tightly  fitted  In¬ 
to  'he  removable  electrode  Mterlal.  A  discharge 
Is  initiated  across  the  BaTIO,  surface  by  applying 
an  approximately  10  kV  pulse  Between  the  trigger 
pin  and  the  bottoai  electrode.  PlasM  produced  by 
the  surface  discharge  enters  the  Min  discharge 
region  through  a  saall  hole  In  the  bottom  electrode. 
The  lifetime  of  trigger  mechanism  of  this  type  has 
been  measured  in  this  work  and  by  others  to  be 
greater  than  10*  shots.  Data,  to  be  presented, 
will  show  that  delays  on  the  order  of  100  ns  can 
be  obtained  with  this  trigger,  even  at  low  (*200  V) 
anode  to  cathode  voltages. 


Excitation  Sources  and  Dlaonostlcs 


The  plasM  Initiated  switch  has  been  tasted 
using  various  Min  discharge  sources  for  high  vol¬ 
tage,  low  energy  delay  measurements,  and  for  high 
energy,  low  voltage  conduction  tests.  The  surface 
flashover  trigger  has  been  Initiated  separately 
using  a  charged  coaxial  cable  and  a  capacitor. 

The  switch  current  and  voltage  have  been  measured 
during  these  tests.  The  trigger  and  Min  discharge 
lunlnoslty  have  been  observed  using  open  shutter 
photography  and  an  iMge  converter  caMra. 


High  voltage,  low  energy  switch  hold-off 
potential,  delay,  and  jitter  measurments  were  per¬ 
formed  using  the  circuit  shown  in  Figure  3.  The 
circuit  consists  of  a  X  charged,  ,2uF  @  125  kV 
capacitor  which  is  connected  by  six  RG-17  cables  to 
the  test  switch.  The  inductance  values  were 
determined  by  measuring  the  ringing  frequency  of 
appropriate  sections  of  the  circuit. 


Voltage 

Divider 

Figure  3.  High  Voltage  Law  Energy  DC  Excitation 
Source. 
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High  energy  discharge  tests  have  been  conducted 
using  the  circuit  of  Figure  4.  The  circuit  consists 
of  a  SI 0  yF  {three  parallel  capacitors)  8  10  kV 
connected  through  a  series  ignitron  switch  to  a 
4yH  load  coil.  The  test  switch  is  connected  to 
the  load  coil  using  si*  RG-17  cables.  The  lead  and 
component  inductances  shown  were,  again,  determined 
by  measuring  various  ringing  frequencies.  In  opera¬ 
tion,  currents  of  up  to  i 00  kA  are  established  in 
the  load  coil.  The  test  gap  is  triggered  at  the 
load  coil  current  peak  such  that  current  transfers 
to  the  test  switch.  This  switching  at  load  coil 
current  maximum  requires  triggering  at  the  load 
coil  voltage  minimum.  The  test  switch  discharge 
current  produced  by  this  circuit  does  not  oscillate 


Source  end  lead 


Figure  i.  High  Energy,  Oscillatory  Source. 


but  is  overdamped.  The  identity  of  the  cathode 
and  anode  during  the  main  discharge  is  therefore 
well  establi'  t? 

Trigger  .cage  is  produced  from  either  a 
charged  coaxial  cable  or  a  capacitor.  The  line 
source  consists  of  a  70  foot  length  of  RG-8  cable 
charged  to  a  maximum  of  30  kV.  The  line  is  dis¬ 
charged  by  a  mechanical  switch.  The  test  gap  trig¬ 
ger  Is  connected  directly  to  the  cable  output  and 
provides  an  open  circuit  load  for  the  cable.  A 
pulse  having  an  amplitude  equal  to  the  DC  line 
charge  voltage  and  a  duration  of  approximately  200 
ns  Is  therefore  applied  to  the  trigger.  The  im¬ 
pedance  of  this  source  is  50  0,  the  maximum 
energy  stored  Is  750  mJ,  and  the  risetime  Is  approx¬ 
imately  5  ns. 

The  capacitive  source  consists  of  a  .02uF 
•  10  kV  capacitor  which  Is  discharged,  using  a 
spark  gap,  through  a  50  Q  resistor.  The  test  gap 
trigger  Is  in  parallel  with  the  SO  Q  load  resistor. 
The  total  trigger  energy  stored  by  this  source  1$ 

1  J. 

Switch  voltage  Is  measured  using  the  compen¬ 
sated  divider  shown  In  Figure  3.  The  divider  rise¬ 
time  Is  approximately  80  ns.  The  discharge  current 
Is  measured  using  a  Pearson  coll.  The  trigger  vol¬ 
tage  Is  also  measured  using  a  low  Impedance,  com¬ 
pensated  voltage  divider. 

Optical  measurements  have  been  performed  to 
determine  the  temporal  and  spatial  variation  of 
the  discharge  luminosity.  Open  shutter  photography 
has  been  used  to  determine  the  Ime  Integrated 
spatial  distribution  of  the  trigger  and  main  dis¬ 
charge  plasma  luminosity.  An  Image  converter  camera, 


operating  in  the  framing  mode,  has  been  used  to 
determine  the  temporal  behavior  of  the  discharge 
luminosity.  This  data  is  required  to  determine  at 
what  time  and  current  level  the  main  discharge  makes 
the  transition  from  a  diffuse  discharge  to  a  con¬ 
stricted  arc. 

Experimental  Results 

The  operating  characteristics  of  the  switch 
shown  in  Figure  1  have  been  determined  for  vacuum 
operation  and  low  pressure  operation  using  Ny,  Hg, 
and  SFg  gas.  The  data  have  been  obtained  using 
bare  copper  electrodes.  Specific  characteristics 
which  have  been  measured  Include  DC  hold-off  voltage, 
conduction  resistance  and  Inductance,  triggered 
switch  delay  and  jitter,  and  electrode  and  trigger 
lifetime. 

Hold-off  Voltage  Measurements 

It  is  desired  to  develop  a  switch  which  will 
hold-off  at  least  50  kV  DC.  Previous  work  has  ex- 
tablished  that  100  kV  can  be  maintained  across 
a  conditioned  1  mm  vacuum  gap  (stainless  steel  elec¬ 
trodes).  This  performance  is  degraded  to  approx¬ 
imately  20  to  30  kV  after  high  current  conduction 

by  the  switch.  A  larger,  1  cm  gap  has  been  more 
recently  used  to  permit  reliable  operation  at  ap¬ 
proximately  50  kV.  Data,  to  be  subsequently  pre¬ 
sented,  show  that  shorter  switch  trigger  delays 
are  obtainable  for  low  gas  pressure  filled  gaps 
as  compared  to  vacuum  gaps.  Data  obtained  by  other 
researchers  also  show  that  the  gap  hold-off  po¬ 
tential  is  also  greater  for  low  pressure  gas  filled 
gaps.'  Gas  filled,  either  Hg,  Ng,  or  SFg,  switch 
operation  Is  therefore  of  Interest,  In  addition  to 
evacuated  switch  operation. 

The  switch  hold-off  voltages  have  been  measured 
for  vacuum,  Hg,  SF6,  and  Hg  operation.  It  has  been 
found  that  the  1  cm  vacuum  gap  will  hold  off  greater 
than  75  kV,  and  the  N?  filled  gap  (1  micron  pressure) 
greater  than  70  kV.  It  has  similarly  been  found 
that  the  switch, filled  with  1  micron  of  Hg  or  SF6, 
will  hold-off  25  kV  and  40  kV  respectively.  The 
lower  hold-off  voltage  for  Hg  is  due  to  long  gap 
breakdown  between  the  two  large  flanges  shown  In 
Figure  1.  Long  gap  breakdown  Instead  of  short  gap 
breakdown  occurs  since  operation  Is  to  the  left  of 
the  Paschen  minimum.  It  Is  expected  that  the  hold- 
off  potential  for  SFfi  should  be  superior  to  Hg*  Th* 
relatively  low  measured  value  Is  probably  due  to 
errors  associated  with  SFfi  pressure  measurement 
using  a  thermocouple  gauge.  The  SF,  pressure  Is 
probably  higher  than  the  Indicated  T  micron. 


Switch  Conduction  Characteristics 

The  switch  Inductance  and  resistance  have  been 
measured  using  the  circuits  of  Figure  3  and  4  respec¬ 
tively.  The  oscillation  frequency  of.  the  circuit  of 
Figure  3,  with  the  switch  conducting,  implies  a  switch 
inductance  of  121  nH.  This  rather  high  Inductance  is, 
as  previously  discussed,  due  to  the  long  vacuum  en¬ 
closure  necessary  for  optical  diagnostics.  The 
Inductance  can  be  reduced  to  tens  of  nanohenries 
using  a  shorter  insulator  between  the  electrodesf-'The 
121  nH  value  Is  therefore  not  the  optimum  Inductance 
value. 

The  conducting  switch  resistance  has  been  deter¬ 
mined  by  measuring  the  L/R  time  associated  with  the 
decay  time  of  the  crowbared  current  In  the  circuit  of 
Figure  4.  A  value  of  30  has  been  measured  for  a 
discharge  current  of  10  kA. 
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gered  Switch  Delays 


Delays  associated  with  switch  triggering  have 
been  measured  using  the  circuit  of  Figure  2.  Delay 
data  have  been  obtained  for  relatively  low  main  gap 
voltages  of  up  to  6  kV.  Low  values  have  been  used 
to  simulate  crowbar  operation  for  an  inductive  load 
current  maximum  and  voltage  minimum. 

Data  have  been  obtained  to  determine  the  affect 
of  trigger  voltage,  trigger  energy,  and  trigger  dura* 
tion  on  triggered  switch  delay.  Delay  measurements 
have  been  obtained  by  using  the  charged  line  and  the 
capacitive  trigger  sources.  The  capacitive  source 
stores  more  energy,  has  a  lower  driving  Impedance,  and 
gives  shorter  delay  times,  particularly  for  vacuum 
operation. 

Oelay  data  have  been  obtained  using  vacuum  and 
low  pressure  fill  gas.  Delay  data  obtained  with  vac¬ 
uum  and  gas  will  be  presented  as  obtained  using  both 
trigger  sources. 

The  data  have  been  obtained  by  measuring  the 
delay  between  the  arrival  of  the  trigger  pulse  to  the 
switch  and  the  collapse  of  the  switch  anode  to  cathode 
voltage.  The  trigger  voltage  Is  used  to  trigger  a 
519  oscilloscope.  The  main  gap  voltage  collapse  is 
viewed  on  the  519  such  that  the  time  delay  observed 
from  the  start  of  the  oscilloscope  sweep  to  the  be¬ 
ginning  of  the  voltage  collapse  is  the  switch  trig¬ 
ger  delay. 

Vacuum  Switch  Trigger  Delay  Measurements:  Delay 
measurements  have  been  obtained  using  the  charged  line 
and  the  capacitive  trigger  source.  Typical  data,  rep¬ 
resentative  of  results  obtained,  are  shown  in  Figure  5. 
Two  delays  of  significance  are  depicted.  The  time 
between  tha  initiation  of  the  scope  trace  and  the  be¬ 
ginning  of  the  voltage  collapse  Is  defined  to  be  the 
trigger  delay  or  time  to  beginning  of  breakdown,  tbb. 

The  delay  is  relatively  Independent  of  external  cir¬ 
cuit  parameters  and  is  indicative  of  the  gap  break¬ 
down  delays.  The  voltage  is  observed  to  take  a  non¬ 
zero  time,  tc,  to  collapse.  This  collapse  time  is 
dependent  not  only  on  the  breakdown  mechanisms  but 
also  upon  the  circuit  inductance. 

The  vacuum  delay  data  shown  In  Figure  5  was 
obtained  using  a  charged  line  trigger  pulser  voltage 
of  5  kV  and  an  anode  to  cathode  trigger  voltage  of 
25  kV.  The  time  to  beginning  of  breakdown  and  the 
time  to  total  voltage  collapse  are  seen  *0  be  1.5us 
and  2.5  us,  respectively.  Similar  data  have  been 
obtained  for  mai.-  gap  voltages,  vg,  up  to  8  kV  and 
for  trigger  voltages,  vt,  of  10  kV,  15  kV,  20  kV,  and 
25  kV.  These  results  are  summarized  by  the  curves 
shown  in  Figure  6.  The  results  show  that,  for  vb  *15 
kV,  the  delays,  tbb,  are  on  the  order  of  luis  and  are 
relatively  Independent  of  vg. 

Vacuum  switch  delays,  associated  with  the  capa¬ 
citive  trigger  source,  have  also  been  obtained.  These 
results  are  stmmmrized  in  Figure  7.  It  has  been  found 
that  a  minimum  delay  of  approximately  100  ns  exists 
for  v-  *  200  volts  and  vb*  10  kV.  Trigger  delays 
decrease  as  vt  Increases.  The  data  further  show  that 
for  vt«  10  kV,  tbb  decreases  as  vg  decreases.  This 
behavior  is  of  course  very  different  than  that  ex¬ 
hibited  by  high  pressure  gaps.  Decreasing  trigger 
delay  with  decreasing  gap  voltage  is  very  attractive 
for  low  voltage,  parallel  switch,  crowbar  applications. 

It  should  be  further  noted  that  the  trigger  delays 
obtained  using  the  higher  energy,  tower  impedance 
trigger  source  are  shorter  than  those  obtained  using 
the  charged  line.  This  implies  that  higher  values  of 
trigger  energy  decrease  the  trigger  delay.  A  compromise 
value  of  trigger  energy  must  of  course  be  used  since 
Increased  trigger  energy  will  probably  reduce  the  trig¬ 
ger  lifetime. 
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Figure  6. 


Switching  Delays  In  Vacuum  with  Charged 
Line  Trigger  Source 


Figure  7.  Switching  Delays  In  Vacuum  Using  Capaci¬ 
tive  Discharge  Trigger  Source. 


Low  Pressure  Switch  Trigger  Delays:  Switch 
trigger  delays  have  also  been  measured  for  low  pres¬ 
sure  ges  filled  operation.  Trigger  delays  have  been 
neasured  for  Mg,  N2,  and  SFg  fill  pressures  of  1  m 
Torr. 

Switch  delays  measured  for  1  mTorr  mercury  filled 
switch  operation  are  shown  In  Figure  8.  These  data 
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Figure  8.  Switching  Delays  Ualng  1  micron  Hg. 


5  ‘bb  1s  relatively  Independent  of  v«  for  vt- 
10  k V  and  clearly  show  that  t^e  decreases  as’v,  Is  x 
Increased  from  8  kV  to  10  kV.  The  data  furthef  show 
that  a  delay  of  100  ns  can  be  obtained  for  low  values 
of  vg,  appropriate  to  crowbar  switch  operation. 

The  switch  operating  characteristics  have  also 
been  determined  for  low  pressure  SFg  operation.  The 
Insulating  strength  of  SFg  Is  superior  to  that  of  N?. 
However,  the  converse  has  been  observed  In  this  work. 
This  Is  probably  due  to  errors  associated  with  SFc 
pressure  measurements.  The  actually  SFg  pressure  Is 
probably  higher  than  the  measured  values.  The  delays 
for  an  Indicated  1  mTorr  SFg  pressure  are  shown  In 
Figure  10.  These  data  show  that  tbb  monotonlcally 


were  obtained  using  the  charge  line  trigger  pulser. 

The  data  show  that  tbb  Is  on  the  order  of  150  ns.  The 
delay  tbb  decreases  as  vt  Increases  and  Is  relatively 
Independent  of  v_  for  v„>4  kV.  It  should  again  be 
noted  that,  for  this  low  pressure  operation,  thh  1$ 
smaller  for  lower  values  of  v». 

Switch  delays  have  also  been  measured  for  No  gas 
fill.  The  results  are  surveyed  In  Figure  9.  The  data 
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Figure  9.  Switching  Delay  Dalng  l  nicron  Nj. 


Figure  10.  Switching  Deleye  Using  l  nicron  SFfi. 


Increases  with  v  .  An  Increase  in  v,  results  In  a 
decrease  In  tbb.3  A  minimum  delay  of  &0  ns  has  been 
obtainted  for  vt*10  kV  and  v_*  500  V. 

Jitter  Oata:  The  trigger  delays  for  vacuum,  Hg, 
No,  and  SFc  have  been  measured  for  the  plasma  injection 
switch  of  Figure  1.  These  delays  have  been  found  to 
be  the  shortest  for  the  capacitive  discharge  trigger 
source  and  are  in  the  range  of  100  ns.  The  jitter,  or 
uncertainty  In  trigger  time,  is  also  of  Importance 
and  has  been  measured  for  vacuum  and  various  low  pres¬ 
sure  gases.  The  data  were  obtained  by  superimposing 
successive  switching  voltage  traces  on  one'photograph. 

A  stannary  of  the  data  obtained  is  in  Table  1.  The 

table  shows  the  gas  type,  pressure,  gap  voltage,  and 
trigger  voltage  used  and  the  number  of  shots  taken 
for  each  set  of  parameters.  The  average  delay  to  be¬ 
ginning  of  breakdown,  \tb^,  and  the  standard  deviation 
of  the  delay  &tbb,  have  been  computed  for  each  group 
of  shots  and  are  listed.  The  mean  delays  for  v  >500  V 
are  consistently  less  than  the  delays  for  v_*  6skV. 

This  again  shows  that  shorter  delays  exist  for  main 
gap  voltages  appropriate  to  crowbar  applications. 

The  jitter ,Atbb,  Is  determined  by  calculating 
the  standard  deviation  of  the  measured  delays.  The 
jitter  Is  less  for  vg>500  V  than  for  vg«  6  kV  and  Is 
In  the  range  of  10  ns  for  vacuum  and  low  pressure 
operation.  These  low  jitter  values  for  low  main  gap 
voltages  also  Imply  that  the  low  pressure,  plasma 
triggered  switch  Is  particularly  suitable  for  crowbar 
applications. 
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20 
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15 

"2 
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"2 
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120 

9.1 

365 

49.1 

110 

4.7 
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38 

113 

8.6 

in 

25 

Table  1.  Tabulation  of  Delay  and  Jitter  (Standard 
Daviatlon)  of  Trl99*r  for  Various  Gasos 
and  Gap  Voltaga  v  ,»t«10kV. 


Switch  Lifetime 


Trigger  Lifetime 


Data  presented  thus  far  have  shown  the  hold-off 
voltage  and  trigger  delays  obtainable  with  vacuus  or 
low  pressure  operation.  The  lifetime  of  the  switch 
Is  also  Important  and  Is  being  detenalned  using  the 
high  energy  circuit  of  Figure  4.  Lifetime  Measure¬ 
ments  consist  of  determining  the  discharge  uniformity, 
the  amount  of  electrode  erosion  for  high  current 
operation,  and  trigger  lifetime.  Data  have  been  ob¬ 
tained  for  copper  electrodes  only,  to  date. 

Discharge  Uniformity  Measurements 

A  uniform  discharge  prolongs  electrode  life. 
Present  work  consists  of  determlng  under  what  condi¬ 
tions,  and  for  what  discharge  currant  levels,  the 
discharge  remain  diffuse.  Discharge  uniformity  has 
been  determined  using  open  shutter  photography  and  an 
image  converter  camera.  Results  Indicate  that  the 
discharge  remains  uniform  for  moderate  current  levels. 
More  recent  data  Imply  that  the  discharge  becomes 
localized  In  the  vicinity  of  the  electrode  edges  for 
current  levels  exceeding  60  kA. 

Electrode  Erosion 


Electrode  erosion  Is  the  primary  factor  which 
limits  this  switch  lifetime.  Electrode  erosion  during 
high  coulomb  transfer  discharges  Is  currently  being 
Investigated  using  copper  electrodes.  Hundreds 
of  50  kA  discharges  have  been  applied  to 
the  present  electrodes.  A  small  amount  of  electrode 
erosion  has  been  observed  primarily  near  sharp  edges 
around  the  electrode  disc  perimeter.  Current  work  Is 
extending  the  lifetime  measurements  to  greater  than 
10J  shots. 

A  major  problem  caused  by  electrode  erosion.  In 
addition  to  the  loss  of  electrode  material  and  surface 
degradation.  Is  the  condensation  of  evaporated  elec¬ 
trode  material  onto  the  containment  vessel  walls. 

After  a  few  hundred  discharges  the  glass  Is  no  longer 
transparent.  This  movement  of  copper  from  electrodes 
to  vessel  wells  Is  undeslreable  and  will  probably 
ultimately  result  In  degradation  of  the  switch  hold- 
off  potential.  It  Is  therefore  clear  that  electrode 
erosion  must  be  reduced,  not  only  to  extend  electrode 
lifetime,  but  also  to  Increase  the  useful  lifetime  of 
electrode  surfaces. 


Trigger  lifetime  presently  appears  to  be  no  prob¬ 
lem.  The  main  discharge  has  been  observed  to  be  away 
from  the  central ,  triggered  region  and  hence  does 
little  or  no  damage  to  the  trigger  mechanism.  The 
trigger  mechanism  is  also  substantially  Isolated  from 
the  discharge  due  to  the  small  size  of  the  plasma  In¬ 
jection  hole.  The  lifetime  of  the  BaT103  substrate 

is  presently  being  determined.  Several  thousand  shots 
have  thus  far  been  completed.  Previous  work  by  Rs- 
ju  ,  et.  al.,  also  Indicates  that  trigger  lifetime 
Is  long.8 


Conclusion 


A  vacuum  or  low  pressure  gas,  plasma  triggered 
switch  has  been  designed,  constructed,  and  parameterized. 
The  switch  has  been  tested  with  vacuum,  Hg,  N*.  and  SFg 
filling  the  Intergap  region.  Hold-off  voltages  have 
been  measured  for  a  1  cm  gap  and  exceed  50  kV  for  vacuum 
and  Ife.  The  discharge  switch  Inductance  and  resistance 
have  been  measured  to  be  121  nH  and  30  so.  Trigger 
delays  have  been  measured  to  be  on  the  order  of  100  ns 
with  corresponding  Jitters  of  10  ns.  The  trigger  de¬ 
lay  has  been  observed  to  decrease  as  the  main  gap  vol¬ 
tage  decreases.  This  Is  a  very  attractive  feature  for 
crowbar  applications.  The  trigger  delay  time  has  fur¬ 
ther  been  observed  to  decrease  as  the  trigger  voltage 
and  energy  Increase.  Electrode  lifetime  and  Insulator 
lifetime  are  currently  being  Investigated.  Hundreds 
of  50  kA  shots  have  been  taken  with 
the  present  set  of  copper  electrodes.  Erosion  Is  thus 
far  not  severe.  Image  converter  data  Imply  that  the 
discharge  remains  diffuse  for  currents  up  to  60  kA. 

More  than  103  trigger  discharges  have  been  made.  Trig¬ 
ger  lifetime  Is  therefore  greater  than  103  shots. 

The  low  pressure  switch  appears  to  be  well- 
sulted  for  crowbar  applications  primarily  because  gaps 
with  a  high  withstand  voltage  can  be  triggered,  with 
approximately  100  ns  of  delay,  at  voltages  as  low  as 
a  few  hundred  volts.  The  trigger  delay  actually  de¬ 
creases  as  the  main  gap  voltage  decreases.  Electrode 
lifetime,  particularly  for  large  coulomb  transfer 
operation  will  be  a  major  problem.  Current  research 
Is  approaching  this  problem. 
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Baltiaora,  Maryland  21203 


INTRODUCTION 


This  paper  addresses  a  number  of 
potential  sources  of  phase  error  which  aust 
be  controlled  within  a  radar  transaitter  that 
uses  a  line  type  modulator  if  superior  MTI 
performance  is  to  be  achieved.  Among  the 
contributors  to  phase  error  which  are 
considered  are  HVPS  ripple,  staggered  PRF 
sequence,  time  jitter,  PFN  ripple,  heater 
supply,  focus  coil  power  supply,  and  RF 
drive.  Typical  phase  sensitivities  of  the 
microwave  tube  to  the  various  disturbances 
are  identified  and  the  techniques  for 
minimising  the  phase  error  are  described. 

This  information  served  as  the  basis  for  a 
verification  program  during  which  a  number  of 
improvements  to  a  test  bed  transmitter  were 
evaluated  to  determine  the  extent  of  their 
usefulness.  A  summary  of  the  test  results  is 
given  for  a  transmitter  which  achieved  better 
than  a  64  dB  system  MTI  improvement  factor 
after  incorporation  of  the  improvement 
techniques,  an  enhancement  of  well  over  20  dB. 

This  level  of  performance  implies  that 
the  moving  target  to  clutter  ratio  at  the 
processor  input  divided  by  the  target  to 
clutter  ratio  at  the  processor  output  is 
better  than  64  dB.  Since  detection  of  a 
moving  target  is  accomplished  by  detection  of 
pulse  to  pulse  phase  changes,  any  undesired 
phase  change  in  the  transmit  chain  on  a  pulse 
to  pulse  basis  will  result  in  reducing  the 
performance  of  the  radar.  Figure  1  shows  a 
simplified  curve  of  phase  error  versus  the 
MTI  improvement  factor.  For  a  64  dB  MTI 
improvement  factor,  the  phase  error  over  the 
nimiber  of  pulses  integrated  aust  be  better 
than  0.034".  The  allowable  phase  error  is 
further  modified  by  the  frequency  of  the 
disturbance.  This  is  shown  by  the  typical 
velocity  response  curve  in  Figure  2  for  the 
MTI  processor.  For  disturbances  which  occur 
at  the  PRF  of  the  radar  there  is  a  benefit  of 
a  few  dB  which  allows  the  phase  error  to  be 
worse  than  shown  in  Figure  1.  At  one  half 
the  PRF,  the  system  aust  have  even  more 
stringent  performance.  At  very  low 
frequencies  severe  phase  errors  can  be 
tolerated  without  compromising  system 
performance. 

BOURCE8  OF  PHASE  ERRORS 

The  transaitter  that  was  utilised  for  the 
test  program  employed  a  cathode  pulsed, 
solenoid  focused  klystron,  the  VA963A. 
Although  different  tubes  and  tube  types  have 
a  broad  range  of  phase  sensitivities  to 
various  applied  voltages  and  interfaces,  the 
sources  of  such  errors  sre  generally  the 
same.  Typical  VA963A  phase  sensitivities  are 
shown  in  Table  1  along  with  some  of  the 


sources  of  phase  error. 

The  most  significant  aouce  of  phase  error 
Is  generally  the  cathode  voltage  applied  to 
the  tube  by  the  pulse  modulator.  The  VA963A, 
aa  operated  for  thia  demonstration,  has  an 
electrical  phase  length  of  just  over  2000 
degrees  at  midband.  As  the  cathode  voltage 
Increases  and  decreases  on  a  pulse  to  pulse 
basis,  the  corresponding  increase  and 
decrease  in  electron  beam  velocity  creates  a 
decrease  and  increase  in  apparent  electrical 
length  of  the  tube.  This  results  in  a  pulse 
to  pulse  phase  difference  which  the  MTI 
processor  i .as  as  a  moving  target.  An 
increase  in  cathode  voltage  also  results  in  a 
higher  quantity  of  electrons  being  emitted 
which  produces  an  increase  in  amplitude  of 
the  output  RF  pulse.  Generally,  any 
amplitude  modulation  disturbance  is  an  order 
of  magnitude  less  significant  than  the  phase 
change  and  can  therefore  be  ignored.  At 
higher  RF  frequencies,  the  tube  appears  to  be 
longer  by  a  linear  relationship,  i.e.,  St 
higher  in  operating  frequency  means  5«  longer 
in  length  and  5t  more  sensitivity  to  the 
applied  cathode  voltage. 

Traveling  wave  tubes  have  longer 
electrical  length  than  klystrons  for  the 
equivalent  gain  and  therefore  are  more 
sensitive  to  voltage  variation.  Seme  tube 
types,  crossed  field  amplifiers  for  example, 
show  very  low  phase  sensitivity  to  cathode 
current  but  are  rather  low  gain  tubes.  By 
the  time  additional  gain  stages  are  provided, 
it  is  questionable  whether  there  is  any 
significant  overall  benefit  in  utilising 
CFA'a  strictly  to  achieve  additional  phase 
stability  because  of  the  phase  shift 
contributed  by  the  additional  stages. 

Another  factor  that  introduces  apparent 
changes  in  phase  length  of  the  linear  beam 
tube  is  the  focusing  solenoid.  As  the 
electron  beam  enters  the  magnetic  field  any 
component  of  the  magnetic  field  which  is 
perpendicular  to  electron  velocity  creates  a 
transverse  velocity  component  of  the 
electrons.  Since  the  energy  of  the  electron 
is  conserved,  any  transverse  velocity 
component  that  is  added  will  detract  from  the 
axial  velocity  component,  thus  causing  an 
apparent  increase  in  electrical  length  of  the 
tube. 

RF  drive  amplitude  variation  is  another 
factor  which  induces  phase  delay  in  the 
klystron  amplifier.  It  is  dependent  on  the 
tube  gain  (nissber  of  cavities) ,  how  close  the 
tube  is  run  to  saturation,  and  the  operating 
frequency  of  the  tube.  Since  variations  in 
drive  power  result  in  extracting  more  or  less 
energy  from  the  electron  beam,  there  are 
corresponding  changes  in  the  beam  velocity 
which  Induce  phase  changes. 
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Variations  in  heater  voltage  on  the 
transmitter  tube  also  affect  the  MTI 
performance  of  the  radar.  Any  changes  in 
cathode  temperature  will  have  a  significant 
effect  on  phase  error,  but  the  thermal  time 
constant  is  much  longer  than  the  integration 
period  of  the  MTI  processor  which  is 
typically  3  to  4  interpulse  periods.  More 
important  is  the  electromagnetic  effects 
which  occur  on  a  short  time  basis  when  using 
AC  heater  voltages.  This  phenomenon  is 
generally  not  considered  a  problem  unless 
system  MTI  improvement  factors  of  40-50  dB  or 
more  are  required. 

Finally,  one  must  consider  such  effects 
as  vibration  in  the  tube  with  mechanical 
cavity  tuner  mechanisms  which  can  physically 
move  under  vibration  and  shock  such  as  might 
be  encountered  in  airborne  and  shipboard 
environments.  In  addition,  physical 
vibration  of  coax  cables,  couplers,  and 
similar  components  should  be  considered. 

CONTROL  OF  PHASE  ERROR  SOORCES 

For  the  demonstration  transmitter  the 
technique  used  for  the  basic  modulator  and 
charging  system  was  similar  to  that  described 
in  previous  papers  on  the  ARSR-3  transmitter 
l*2,  These  papers  describe  the  ARSR-3  as  a 
long  range  search  radar  built  for  the  Federal 
Aviation  Administration.  It  uses  a  VA963A 
klystron  as  a  final  amplifier  which  is 
cathode  pulsed  by  a  modular  solid  state 
modulator. 

Figure  3  is  the  block  diagram  of  the 
demonstration  transmitter.  The  charging 
system  is  shown  in  the  simplified  schematic 
in  Figure  4.  To  maintain  tight  control  of 
the  voltage  on  the  pulse  forming  network  a 
three  phase  line  rectified  input  was  fed  into 
a  transistor  switch  which  dumped  a  regulated 
amount  of  energy  into  the  primary  of  a 
charging  transformer  where  energy  was  stored 
until  the  switch  was  turned  off.  The  stored 
energy  then  charged  the  pulse  forming 
network.  Other  approaches  which  could 
achieve  similar  electrical  performance 
include  multiphase  high  voltage  power 
supplies  with  series  or  shunt  regulators  and 
resonant  charging  systems  with  De-Q-ing. 

Since  one  potential  source  of  error  is  power 
supply  ripple  at  multiples  of  the  line 
frequency,  techniques  such  as  multiphase 
supplies,  large  filters  and  line  regulators 
could  be  used  to  minimise  the  effects  of  line 
unbalance.  However,  in  most  radar  systems 
staggered  PRF's  are  used  to  eliminate  MTI 
blind  speeds  and  the  main  ripple  component  is 
a  function  of  the  stagger  sequence. 

Therefore,  more  sophisticated  regulation  is 
preferred.  The  large  FRF  stagger  (+30%)  la 
the  demonstration  system  required  tEat 
techniques  such  as  command  charge,  and  a 
charging  regulator  technique  be  used  to 
minimise  the  pulse  to  pulse  ripple  on  the 
PFN's. 

In  addition,  the  increased  MTI 
performance  of  well  over  20  dB  better  than 
the  baseline  transmitter,  required  that 
additional  regulation  capability  be 
included.  This  was  accomplished  in  the  form 


of  a  bleedoff  type  of  regulator  across  the 
PFN.  Pulse  to  pulse  regulation  of  150 
millivolts  out  of  approximately  2500V  stored 
on  the  PFN  was  achieved  with  a  floating 
reference.  With  this  regulation  approach, 
the  PFN  voltage  is  first  regulated  to 
approximately  2.5  volts  using  the  charging 
regulator  to  slightly  overcharge  the  PFN. 

The  PFN  voltage  is  then  bled  down  to  the 
desired  value  with  the  bleedoff  regulator 
which  may  be  triggered  to  casMence  regulation 
at  a  fixed  time  prior  to  the  discharge  pulse 
of  the  modulator.  This  type  of  regulator  has 
also  been  used  in  conjunction  with  an 
inverter  charging  modulator  described  in  a 
paper3  by  B.H.  Hooper. 

As  with  most  line  type  modulators,  the 
pulse  forming  network  does  not  have  a 
perfectly  flat  pulse  top,  although  in  the 
demonstration  networks  flat  top  performance 
was  stressed  at  the  expense  of  rise  and  fall 
times.  The  video  pulse  bracketed  the  RF 
carrier  and  any  time  jitter  in  the  modulator 
trigger  amplifier  and  discharge  switch 
resulted  in  pulse  to  pulse  variations  as 
shown  in  >*igure  5.  Although  most  of  the 
solid  state  modulators  of  the  same  generic 
type  used  in  the  demonstration  transmitter 
exhibited  time  jitter  of  5  nanoseconds  or  so, 
it  was  found  worthwhile  to  further  improve 
the  test  bed  by  providing  additional  voltage 
regulators  for  the  trigger  amplifier,  thus 
eliminating  any  time  jitter  concern. 

The  phase  modulation  introduced  by  the 
cathode  heater  supply  for  the  demonstration 
came  from  an  inverter  supply  operating  at  2 
KHz  that  fed  a  voltage  isolated  transformer. 
The  inverter  pulse  was,  therefore, 
interrupted  for  a  100  usecond  period  around 
the  transmit  pulse  time  as  shown  in  Figure 
6.  This  approach  is  an  viable  alternative  to 
a  regulated  DC  heater  supply,  which  would 
require  numerous  components  to  be  placed  at 
the  cathode  potential  of  the  klystron.  It 
serves  the  same  function,  however,  namely 
minimizing  the  electromagnetic  disturbances 
generated  by  the  heater  on  a  short  term 
basis.  To  prevent  saturation  of  the  filament 
transformer  by  a  DC  component  of  current,  the 
pulse  width  is  increased  by  a  100  usecond 
p«riod  when  required  to  compensate  for  the 
■off  time.  Other  means  of  controlling 
heaver  phase  disturbances  include 
synchronizing  the  inverter  frequency  with  the 
radar  PRF,  which  could  be  troublesome  when 
large  PRF  staggers  are  required,  and 
operation  of  the  heater  at  very  low 
frequencies,  typically  10  Hz  or  so,  where  the 
disturbance  frequency  has  little  effect  on 
the  radar  MTI. 

Focus  coil  perturbations  are  readily 
taken  care  of  by  providing  a  current 
regulated  power  supply.  The  large  Inductance 
of  the  focus  coil  aids  in  reducing  current 
ripple.  Although  permanent  magnets  have  been 
used  on  smaller  tubes  they  are  not  practical 
for  multimegawatt  tubes  at  L-Band. 

A  solid  stste  amplifier  using  bipolar 
transistors  wss  used  for  the  driver  in  the 
transmitter.  To  achieve  the  required 
amplitude  stability  of  drive  level  into  the 
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klystron  it  mss  nscssssry  to  provids  ths 
driver  with  its  own  power  supply  which  was 
isolated  from  other  switched  loads.  A  power 
supply  regulator  was  physically  located  in 
the  driver  aaplifier  package  to  achieve  the 
desired  systea  stability.  Seairigid  coax 
cables  were  substituted  for  the  flexible 
cables  which  exhibited  phase  variation  with 
vibration. 

TEST  RBSOLTS 

The  paraaeters  for  the  test  transmitter 
are  listed  in  Table  2.  The  test  data  was 
taken  using  a  technique  which  takes  into 
account,  not  only  the  transmitter 
instabilities,  but  also  those  of  the 
frequency  source.  The  output  data  froa  the 
test  set  was  then  processed  through  a 
caaputer  prograa  that  factored  in  the  effects 
of  the  MTI  systea,  the  clutter  residue 
formula,  weighted  coefficients,  etc.  The 
test  set  used  for  stability  aeasuraaenta  is 
shown  in  the  block  diagraa  of  Figure  7. 
Samples  can  be  taken  anywhere  along  the.  RF 
aaplifier  chain  to  aid  in  locating  sources  of 
phase  error.  The  IS  usecond  delay  line 
decorrelates  the  test  sample  from  the  STALO 
signal  to  include  STALO  instabilities  into 
the  recorded  data  as  would  be  the  case  with 
real  target  returns.  Adjustaent  of  the  phase 
shifter  allows  the  mixer  to  be  used  as  either 
an  aaplitude  or  phase  detector. 

The  test  technique  consisted  of  taking  64 
aaaplea  at  the  saae  point  into  the  RF  pulse 
on  64  consecutive  pulses.  The  phase  errors 
recorded  were  then  processed  with  the 
caaputer  prograa  which  simulated  the  MTZ 
processor  shown  in  Figure  8  this  gave,  as  a 
result,  the  MTI  improvement  factor  at  a 
particular  point  in  the  pulse  after 
considering  all  of  the  data  froa  the  64 
saaples.  This  test  was  repeated  at  4 
different  points  in  the  RF  pulse,  naaelyi 

O.S  useconds  from  the  leading  edge, 

2.5  useconds  froa  the  leading  edge, 

3.0  useconds  froa  the  trailing  edge,  and 

1.5  useconds  froa  the  trailing  edge. 

Two  complete  sets  of  data  were  taken  and 
averaged  at  each  point  in  the  pulse.  Data 


was  repeated  at  1  different  carrier 
frequencies}  1260  MBs,  1290  MBs,  and  1350 
MBs.  A  summary  of  the  results  is  shown  in 
Table  3  for  both  phase  and  aaplitude  data. 

The  worst  case  shown  is  better  than  64  dB  MTI 
improvement  factor,  a  significant  improvement 
over  previous  hardware  designs. 

As  with  most  achievements  in  improving 
performance,  it  is  only  a  matter  of  tiae 
before  more  stringent  systea  requireaents 
demand  even  further  improvements.  To 
determine  which  areas  would  have  to  be 
addressed  in  the  next  generation  of  stability 
improvements,  a  series  of  additional  test 
were  performed.  Mith  all  of  the  transmitter 
improvements  installed,  a  spectrum  analyser 
was  used  to  determine  what  discrete  spurious 
lines  and  what  bed  level  noise  existed. 

Then,  after  removing  one  of  the  improvements 
at  a  tiae,  data  was  taken  to  determine  what 
change  there  was  in  the  various  noise 
levels.  Repeating  this  process  for  various 
circuit  modifications  resulted  in  the  data 
shown  in  Table  4.  As  can  be  seen,  the  impact 
la  reasonably  consistent  regardless  of  the 
particular  improvement  be  measured.  Froa 
this  data  one  can  conclude  that  1)  all  of 
these  modifications  were  necessary  to  achieve 
the  degree  of  performance  measured  in  the 
demonstration  transmitter  and,  2)  if  any 
further  significant  iaproveaent  is  to  be  made 
in  system  performance,  each  one  of  these 
factors  will  need  to  be  bettered. 

REFBRBMCES 

1.  B.B.  Hooper  and  S.R.  Bird,  "An  All 
Solld-Stato  Modulator  for  the  ARSR-3 
Transmitter",  Conference  Record  of  1978, 
Thirteenth  Pulse  Power  Modulator 
Syapoalua,  June,  1978,  pp.  242-246. 

2.  C.A.  Corson,  "Precision  Regulated,  20KW, 
Modulator  PPM  Charging  System" , 

Conference  Record  of  1978,  Thirteenth 
Pulse  Power  Modulator  Symposium,  June, 
1978,  pp.  34-37. 

3.  B.B.  Hooper,  "An  All  Solid-State, 

Inverter  Charged  Modulator  with  Precision 
Pulse- to- Pulse  Regulation",  Fourteenth 
False  Power  Modulator  Symposium,  June, 
1980. 


94 


SOURCES  OF  PHASE  ERROR 


VA983  PHASE  SENSITIVITIES 


(a)  OtVERTER  SimY 


(0)  AC  HEATER 


Figure  6 .  Heater  Supply  Interrupt 
Approach 


Figure  7.  stability  Measurement  Technique 
maaew 
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•  7.5*/kV  (RELATED  TO  FREQUENCY) 


■  3V1%  CURRENT 
<  1 0*/4B  (NEAR  SATURATION) 
«10*/V  THERMAL 
>S.00S*/V  OYNAMC 


Table  1.  Sources  of  Phase  Error  and 

Klystron  Phase  Sensitivities 


•  FREQUENCY 

•  PEAK  POWER 

•  RF  PULSE  WOTH 

•  VIDEO  PULSE  W»TH 

•  PULSE  REPETITION  RATE 

•  PULSE  RATE  STAGGER 

•  PRIME  POWER 


1250  -  1350  MHz 

1.5  MW 

S.7»mc 

9-s*c 

300  PPS 

±30% 

115/120V.  30.  00  HI 


Table  2.  Parameters  for  Test  Bed 
Transmitter 
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Table  3.  Results  Summary 
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Table  4.  Sensitivity  Analysis 
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MAGNETRON /MODULATOR  INTERFACE  DESIGN  CONSIDERATIONS 


N.  S.  Nicholls 

Royal  Signal*  and  Radar  Establishment 
Malvern,  United  Kingdom 

Empirical  data  on  th*  buildup  of  oacillation  in  a  typical  magnetron  with 
different  conatant  applied  cathode  voltagea  vaa  previoualy  described.  With 
some  assumptions,  this  information  may  be  uaed  to  calculate,  by  a  atep-by-atep 
numerical  procedure,  the  buildup  of  cathode  current  with  e  time-varying  cathode 
voltage.  By  impoaing  a  ralationahip  between  cathode  voltage  and  cathode  cur¬ 
rent,  and  their  time  derivative*  which  ia  characteristic  of  the  modulator,  tho 
behavior  of  the  combined  system  is  obtained.  This  procedure  is  applied  using 
two  alternative  families  of  idealized  modulator  designs,  both  of  the  PFN  and 
pulse-transformer  type  but  differing  in  the  disposition  of  capacitance  and  in¬ 
ductance.  Both  are  constrained  by  a  common  requirement  of  an  acceptable  cur¬ 
rent  pulse  shape.  Within  each  family,  the  open-circuit  dv/dt  is  progressively 
increased  until  a  limiting  value  is  found,  above  which  stable  oscillation  is 
not  established.  In  one  family  the  output  impedance  is  predominantly  inductive 
during  the  first  thousand  or  so  rf  periods  while  in  the  other  it  is  predomi¬ 
nantly  capacitive.  The  limiting  value  of  dv/dt  is  much  higher  for  the  induc¬ 
tive  impedance  type  of  modulator.  It  is  shown  that  such  modulators  may  be  de¬ 
signed  which  are  efficient,  economical,  and  reliable  than  is  possible  with  a 
capacitive  output  impedance.  It  is  expected  thet  longer  aagnetron  life  will 
also  be  obtainable.  From  this  it  is  seen  that  aagnetron  dv/dt  ratings  need  to 
be  specified  which  include  the  effect  of  modulator  impedance  characteristics. 
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AN  ALL  SOLID-STATE,  INVERTER  CHARGED  MODULATOR  WITH 
PRECISION  PULSE -TO- PULSE  REGULATION 

Edward  H.  Hooper 

Weatinghouse  Electric  Corporation 
Coanand  and  Control  Division 
Baltimore,  Maryland  21203 


Summary 

A  new  all  solid  state,  high  power, 
line-type  modulator  has  been  developed  for 
use  with  tactical  radar  transmitters.  This 
new  modulator  offers  improved  performance, 
modular  construction,  and  improvements  in 
reliability  and  maintainability.  It  employs 
RBDT  switched  PEN  modules  to  generate  nine 
microsecond,  nine  megawatt  peak  power  pulses 
at  an  average  power  of  24KW. 

A  novel  aspect  of  the  modulator  is  its 
use  of  a  four-module  inverter  and  regulator 
system  to  charge  the  PFN's  to  within  0.01% 
on  a  pulse- to-pulse  basis.  The  inverter 
system  converts  power  from  low  voltage  dc 
to  10  KHz  which  is  transformed  and  rectified 
to  chargo  the  PEN'S  in  ssiall  steps.  During 
most  of  the  PEN  charging  interval,  all  four 
modules  operate  together  at  maximum  fre¬ 
quency  to  charge  the  PEN  at  maximum  rate. 

As  full  pen  charge  is  approached,  both 
inverter  frequency  and  the  number  of  operat¬ 
ing  inverter  modules  are  reduced  to  lower 
the  step  interval,  slow  the  charging  rate, 
and  obtain  the  required  regulation. 

This  paper  describes  the  modulator 
and  gives  performance  results  obtained  in 
tests  with  a  tactical  radar  system. 

Introduction 

A  number  of  radar  transmitters  have 
been  produced  at  Weatinghouse  which  include 
modular,  all  solid  state,  line-type  modula¬ 
tors.  All  employ  Reverse  Blocking  Diode 
Thyristors  (RBDT ' s)  in  a  pulse  switching 
technology  which  has  become  well  established 
by  its  use  in  such  systems  as  the  ADS -4 
and  ARSR-3. 1,1 

To  complement  this  pulse  technology, 
more  recent  work  has  concentrated  on  develop¬ 
ing  complementary  charging  systems  which 
are  modular,  all  solid  state,  and  incorporate 
means  for  precise  regulation  of  Pulse 
Eorming  Network  (PEN)  voltage  on  a  pulse- to- 
pulse  basis. 

The  most  recent  of  these  is  a  charging 
system  which  uses  conventional  SCR  Thyristor 
switched,  half  bridge  inverter  circuit 
modules  and  a  post  charge  precision  final 
regulator.  This  charging  systam  was 
incorporated  in  a  new  modulator,  with  RBDT 
switched  PEN  Modules,  to  replace  the  existing 
8K>dulator  in  an  established  tactical  radar. 
The  new  modulator  offers  improvements  in 
reliability  and  maintainability  as  well  as 
a  modulator  which  operates  with  much  lower 
voltages  than  its  predecessor. 


Operating  parameters  of  the  new 
modulator,  which  is  the  subject  of  this 


paper,  are  as  follows: 

Peak  Pulse  Power  10  MW 

Average  Power  24  KW 

Pulse  Width  9  uSec 

Pulse  Repetition  Frequency  258  pps 

Output  Pulse  Voltage  117  KV 

Pulse-to-Pulse  Regulation  0.01% 

Primary  Power  208V, 

400  Hz 

Inverter  Input  Voltage  280  VDC 


The  Modulator,  along  with  the  VA-145E 
Twystron  which  it  pulses,  are  packaged  in 
the  3  ft.  by  6  ft.  by  6  ft.  tranmnitter 
compartment  of  a  tactical  radar  shelter 
with  single  door  access. 

Modulator  Description 

The  modulator  comprises  modules 
interconnected  as  shown  in  the  block 
diagram  in  Figure  1.  The  output  pulse  is 
generated  by  five  PFN  Modules,  each  with 
its  own  PEN  and  solid  state  switch.  The 
five  modules  are  operated  together  in 
parallel  through  a  high  turns  ratio  pulse 
transformer  to  supply  the  required  video 
pulse  train  to  the  load.  The  PFN's  are 
recharged  by  selective  operation  of  the 
four  inverter  modules.  Control  of  the 
modulator  is  through  a  central  logic  unit 
which  processes  incoming  triggers  in 
response  to  various  fault  monitor  and  con¬ 
trol  inputs. 

The  inverter  modules  are  identical, 
resonantly  commutated,  half  bridge  inverter 
circuits  with  resonant  feedback  diodes 
to  limit  voltage  swing  in  the  inverters 
during  light  loading  conditions  at  the 
beginning  of  each  charge  cycle.  Each 
operates  as  a  current  source  supplying 
a  7.5  to  10  KHz  sinewave  through  a 
sunning  and  voltage  step  up  transformer 
to  a  bridge  rectifier.  The  full  wave 
rectified  output  constitutes  a  charge-rate 
drive  to  the  PEN'S  which  may  be  stopped 
and  started  as  the  inverters  are  turned 
on  and  off  through  inverter  trigger  gating. 

Figure  2  is  a  photograph  of  the 
modulator  cabinet  assembly  as  viewed 
through  the  transmitter  compartment  access 
door.  The  PEN  Modules  are  in  the  middle 
portion  of  the  cabinet  to  the  left  with 
their  outputs  fed  through  the  "coal  chute" 
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to  tha  high  turns  ratio  pulse  transformer  in 
the  pressurized  SF,  tank.  The  four  inverter 
modules  are  above  the  PFN  Modules.  Power 
supplies  and  the  control  logic  circuitry  are 
in  the  lower  left  portion  of  the  cabinet. 

All  modules  are  removable  and  easily 
replaceable  with  identical  spare  units  to 
minimize  down  time  in  the  event  of  a  part 
failure.  To  expedite  fault  isolation  to 
the  proper  module ,  an  LED  fault  monitor 
display  on  the  control  panel  identifies 
fault  categories.  A  quick  check  of  test 
points  on  the  modules  then  identifies  the 
module  to  be  replaced. 


Modulator 


aration 


Operation  of  the  modulator  may  be 
described  with  reference  to  the  waveforms 
in  Figure  3.  These  waveforms  are  keyed 
to  the  block  diagram  Figure  1,  although 
their  generation  is  described  in  detail 
in  subsequent  sections  of  this  paper. 


The  charging  cycle  begins  with  all 
four  inverter  modules  operated  in  parallel 
at  their  maximum  frequency  of  10  KHz. 

At  this  frequency,  inverter  current,  which 
is  frequency  dependent  and  flows  through 
the  reflected  PFN  capacitance  load,  is 
high  so  that  maximum  charge  is  transferred 
to  the  PFN  per  inverter  cycle  and  the  PFN 
voltage  change  or  step  per  cycle  is  highest. 
This  together  with  the  high  cycle  repeti¬ 
tion  rate  causes  the  PFN  charging  rate  to 
be  at  its  highest. 


As  the  PFN  voltage  approaches  its 
target  value,  inverter  frequency  is  dropped 
to  7.5  KHz.  This  lowers  the  charging  rate 
both  by  reducing  inverter  currents  (and 
hence  the  per  cycle  step  level?  and  the 
cycle  rate. 


Next,  three  of  the  four  inverter 
modules  are  shut  off  to  futher  reduce  the 
step  interval.  The  step  interval  varies 
from  about  80  volts  at  the  beginning  of  the 
charge  cycle  to  about  15  volts  during  the 
single  inverter  module  cycles.  The  invert er 
triggers  are  stopped  when  a  sample  of  PFN 
voltage  crosses  a  preset  reference  level  so 
that  the  PFN  voltage  is  left  between  five 
and  twenty  volts  above  its  long  time 
average  pulse-to-pulse  operating  level.  The 
excess  charge  is  then  bled  off  by  a  final 
regulator  during  a  fixed  time  interval  pre¬ 
ceding  the  discharge  pulse  to  bring  the  PFN 
voltage  at  pulse  discharge  to  within  0.1  volt 
on  a  pulse-to-pulse  basis. 


Figures  4  and  5  are  waveform  photographs 
of  operation  of  the  charging  system.  Figure  4 
is  a  photograph  of  the  voltage  on  the  coonon 
charging  bus  to  the  PFN's.  Figure  5  shows 
the  top  of  several  charging  cycles  in  which 
the  pulsa-t&-pulse  charge  voltage  variation 
and  its  bleed  down  to  a  very  uniform  voltage 
at  tiie  time  of  pulse  discharge  is  shown. 


The  modulator  output  pulse  is  generated 
by  simultaneously  discharging  the  PFN's  in 
the  five  PFN  Modules  through  a  high  turns 
ratio  pulse  transformer  into  the  modulator 
load.  The  pulse  switches  in  the  PFN  Modules 


are  RBDT  assemblies  which  are  impulse 
triggered  by  the  trigger  amplifier.  Since 
the  voltage  on  the  PFN's  is  regulated  to 
within  0.01%  on  a  pulse-to-pulse  basis,  the 
modulator  output  pulse  at  the  pulse  trans¬ 
former  primary  is  likewise  regulated, 
subject  to  reset  variations  in  the  pulse 
transformer  that  may  occur  in  stagger 
mode  operation. 

PFN  Modules 

The  PFN  Modules  are  similar  in  circuitry 
to  those  used  in  the  ARSR-3  transmitter  and 
have  been  described  previously.1  Figure  6 
is  a  simplified  schematic  of  the  module 
and  its  trigger  interface.  The  five  PPN's, 
one  in  each  module,  are  charged  and 
regulated  by  the  Inverter  charger  and 
regulator  through  a  common  charge  bus. 

During  the  PFN  charging  interval,  the 
trigger  capacitor  is  charged  from  a 
separate  charging  system  in  *,',e  Trigger 
Amplifier.  Just  prior  to  p  r  discharge 

the  trigger  switch  is  turn*-  »  to  simul¬ 
taneously  discharge  all  tri  t  capacitors 
each  through  its  own  trtgge  an* former 
to  apply  a  trigger  pulse  *iu  neously  to 
all  PFN  module  RBDT  switch*  The  RBDT 
switches  are  two  terminal,  ' ator  type 
devices  which  switch  from  a  ng  to 

conducting  state  over  a  lax  -  jtion  area 
in  response  to  a  high  dv/dt  , also .  Upon 
switching  of  all  devices  in  the  stack,  the 
PFN's  discharge  in  conventional  line  type 
modulator  fashion  to  generate  and  shape 
the  modulator  output  pulse. 

Figure  7  is  a  photograph  of  the  PFN 
module.  Tha  PFN  occupies  the  upper  portion 
of  the  module.  The  RBDT  switch  assembly 
is  the  stacked  assembly  at  the  bottom 
through  which  passes  the  full  input  air 
to  the  module.  The  module  is  entirely  air 
cooled. 

Inverter  Circuit 

A  half  bridge,  series  loaded, 
resonantly  commutated  inverter  circuit 
with  diode  energy  return  is  used  in  each 
of*  the  charging  modules.  Figure  8  is  a 
simplified  schematic  of  a  single  charging 
module  circuit  with  the  rectified  capacitive 
load  that  it  sees  looking  into  a  PFN. 

Figure  9  presents  theoretical  waveforms  of 
the  inverter  in  the  neighborhood  of  a 
single  cycle  of  circuit  operation.  Figure  10 
shows  actual  output  transformer  primary 
current  waveforms  both  near  the  beginning 
and  the  end  of  the  PFN  charging  interval. 

The  two  SCR's  are  triggered  and  conduct 
alternately,  one  for  each  half  cycle  of 
Inverter  operation.  Each  SCR  conducts  for 
a  period  of  time  determined  by  the  resonant 
circuit  that  it  sees  and  then  is  turned 
off  by  the  backswing  that  follows.  The 
circuit  which  each  SCR  sees  is  the  series 
loaded  resonant  circuit  identified  by 
the  flow  path  associated  with  it  in  Figure  8. 

During  normal  inverter  operation,  each 
SCR  is  triggered  while  the  reverse  diode 
across  its  complementary  SCR  is  still 
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conducting  in  the  backswing.  The  overlap  is 
timed  so  that  the  same  initial  voltage 
conditions  exist  in  the  circuit  for  each  half 
cycle  of  operation  and  such  that  peak  inverter 
currents  (400A)  are  well  within  the 
ratings  of  the  SCR's.  As  trigger  frequency 
is  reduced  and  the  degree  of  overlap  is 
reduced,  inverter  current  per  cycle  is  then 
reduced.  In  effect,  lowering  inverter 
frequency  reduces  inverter  currents  by 
effectively  moving  circuit  operation  further 
from  circuit  resonant  frequencies. 

The  load  on  the  inverter  circuits  is 
the  capacitance  of  the  PFN's  as  reflected 
back  through  the  inverter  output  rectifier 
and  transformer.  Because  of  the  turns 
ratio,  the  equivalent  capacitance  seen  by 
the  inverter  is  much  larger  than  the  in¬ 
verter  capacitance  so  that  the  output 
voltage  change  per  cycle  is  small.  Further¬ 
more,  because  of  the  rectifier  action,  the 
existing  PFN  voltage  at  the  beginning  of  the 
cycle  opposes  the  dc  source  voltage.  The 
effect  on  the  inverter  is  then  a  constant 
parameter  circuit  with  an  equivalent  source 
voltage  for  each  cycle  which  diminishes  from 
cycle  to  cycle.  The  feedback  diodes  com¬ 
pensate  for  this  source  drop  during  most 
of  the  cycle  by  decreasing  the  amount  of 
feedback  current  as  the  PFN  charges. 

Inverter  currents  are  thus  largely 
inverter  circuit  determined.  Since  these 
currents  are  coupled  and  rectified  to  charge 
the  PFN's,  the  action  of  the  inverter  system 
as  seen  by  PFN's  is  as  a  charging  current 
source . 

Figure  11  is  a  photograph  of  an  inverter 
module.  The  two  SCR's  in  the  forward  part 
of  the  module  are  liquid  cooled  in  order  to 
minimize  heat  sink  volume  and  simplify 
cooling  air  flow.  The  overall  size  of  the 
module  is  19  *  20  x  S1)  inches. 

Final  Regulator 

The  inverter  system  as  implemented  in 
the  radar  is  capable  of  controlling  voltage 
to  within  20  volts  out  of  3000  volts,  or 
to  within  0.33%.  A  significantly  finer 
regulation  can  be  obtained  on  a  pulse-to- 
pulse  basis  by  using  a  bleed  off  regulator 
as  shown  in  Figure  12.  This  regulator 
regulates  to  a  floating  reference  which  is 
always  slightly  below  the  minimum  voltage 
placed  on  the  PFN's.  Under  regulating 
conditions,  the  transistor  is  driven  to 
conduct  a  bleed  current  which  is  directly 
proportional  to  the  error  voltage.  The 
result  is  an  exponential  decay  as  illustrated 
in  the  waveform  in  Figure  12. 

The  final  regulator  is  employed  during 
a  fixed  time  interval  of  600  microseconds 
just  preceding  the  pulse  discharge  of  the 
PFN.  It  is  off  and  has  no  influence  during 
the  charging  interval. 

Figure  13  is  a  multi-exposure  waveform 
photograph  which  illustrates  the  action  of 
the  final  regulator. 


Conclusions 

The  modulator  described  in  this  paper 
is  a  significant  departure  from  conventional 
line-type  modulators  used  with  radar 
transmitters.  It  has  demonstrated  very 
tight  pulse-to-pulse  regulation  and 
reliable  operation.  Presently,  a  number 
of  systems  are  in  the  field  with  good 
operating  reports. 

The  modular  aspects  of  this  modulator, 
coupled  with  the  existing  monitor  functions 
already  incorporated  plus  built  in  test 
features  under  development  make  this 
approach  highly  available  with  down  time 
limited  to  that  required  for  module 
replacement.  Related  development 
effort  is  underway  in  which  faulty 
modules  are  dropped  automatically  and 
equipment  operation  maintained  without 
human  intervention. 
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Figure  1.  Modulator  Block  Diagram 


Modulator  Assembly  Figure  4.  PFN  Charging  Waveform  (Vertical 

1000V/div.,  Horizontal,  500 
Microseconds /div . ) 


Figure  12.  Final  Regulator 


Figure  10.  Inverter  Output  Current 

Waveforms  at  the  Beginning 
of  the  Charge  Cycle  and  at 
the  End  of  the  Charge  Cycle. 
(Vertical,  200A/div.; 

Horizontal,  20  microseconds/div. ) 


Figure  13.  Top  of  Regulated  PFN  Voltage 
Waveform  in  Multiple  Cycle 
Exposure  Showing  Effect  of 
Final  Regulator.  (Vertical, 
10V/div.,  Horizontal, 

200  microsecond/div.) 


Figure  11.  Inverter  Module 
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Sumary 

A  high  efficiency  pulse  power  supply 
has  been  developed  to  drive  a  low  impedance 
array  of  injection  laser  diodes.  Pulse 
forming  is  achieved  using  a  0.5 o  delay 
line  with  a  140  MHz  cut-off  frequency 
which  is  matched  to  the  array  using  an 
exponentially  varying  impedance  transforma¬ 
tion.  The  delay  line  is  resonantly  charged 
by  a  28  V  DC  power  supply  to  200  V  with 
90%  efficiency  and  discharged  through 
two  banks  of  seven  of  SCR 's.  Since  the 
SCR  switch  impedance  is  14%  of  the  delay 
line  Impedance,  the  discharge  efficiency 
is  88%,  for  an  overall  charge-discharge 
efficiency  of  80%.  The  delay  line  is 
constructed  using  ceramic  capacitors  sol¬ 
dered  to  flat  copper  supports  and  is  divided 
into  four  detachable  segments  each  providing 
25  nanoseconds  of  pulse  length.  Several 
different  impedance  matching  segments 
with  output  impedances  between  0.2  and 
O.Sn  were  tried  in  order  to  obtain  maximum 
power  transfer  to  the  array.  The  laser 
array  consists  of  twenty  three  50  mil 
vide  strips  of  laser  material  which  produce 
an  average  light  output  power  of  1/2  watt. 
The  planar  stripe  geometry  diodes,  compri¬ 
sing  each  strip,  are  driven  in  parallel. 

To  minimize  array  inductance,  the  strips 
are  driven  by  their  own  striplines.  The 
array  Inductance  is  calculated  to  be  8 
nh.  The  pulser  is  constructed  in  modular 
fora  to  assure  precise  control  of  leakage 
inductance.  The  delay  line  dispersion  was 
measured  and  is  compared  with  theory. 
Appropriate  design  curves  are  presented. 
Pulse  shapes  into  both  linear  and 
non-linear  (diode)  loads  are  shown. 


Figure  1.  Top  view  of  GaAS  laser  illumi¬ 
nator  including  pulser,  laser  diode 
load  and  colllmatlon  optics. 


In  this  paper  we  describe  only  the 
‘;ey  elements  of  the  pulser,  that  is»  the 
transmission  line,  the  impedance  matching 
circuit,  the  electronic  switch, the  charging 
circuit,  and  finally,  the  timing  circuit. 

We  discuss  the  design  equations  for  the 
transmission  line  and  the  critical  factors 
leading  to  efficient  pulser  operation. 


Introduction 

An  injection  laser  illuminator  was 
designed  and  fabricated  to  provide  up 
to  1/2  watt  average  power  of  0.85  micron 
radiation  for  a  pulsed-gated  viewing  appli¬ 
cation  at  the  Night  Vision  and  Electro- 
Optics  Laboratory.  See  Figure  1.  Because 
of  prime  power  constraints,  the  device 
was  required  to,  and  did,  achieve  a  plug- 
in-the-wall  efficiency  in  excess  of  5%. 

The  central  element  of  the  illuminator 
is  a  stack  of  23  monolithic  stripe  geoswitry 
arrays  of  GaAlAs  injection  lasers.  The 
0.85  micron  radiation  is  collimated  to 
a  1/2°  X  1/2°  beam  using  crossed  cylindrical 
lenses.  The  diodes  are  driven  by  an  80% 
efficient  pulser  which  delivers  90  nano¬ 
second  pulses  at  a  repetition  rate  of  up 
to  16  KHz. 


Key  Pulser  Components 
The  Transmission  Line 

General  Theory t  We  describe  a  transmis- 
sion  line  of  the  type  shown  in  Figures 
2a  and  b.  We  know  from  standard  filter' 
design  theory  that  the  phase  shift,  6  , 
through  one  section,  as  shown  in  Figure 
2c,  is  given  byt* 

6  •  Sin  1  (<*/we) ;  w  •  -  ( 1 ) 

wheres  u  -  the  cut-off  angular 
"*  frequency 
L  «  inductance  per  segment 
C®  ■  capacitance  per  segment 
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(0  Figure  3.  Dispersion  curve  for  a 

lumped  transmission  line  plotted  paramet- 

Flgure  2.  (a)  Artists  conception  of  rically  in  terms  of  H,  the  number  of 

lumped  transmission  line  formed  with  sections  per  wavelength.  Normalised 

ceramic  capacitors.  axes  allow  curve  to  be  used  for  any 

(b)  Equivalent  transmission  line  circuit.  line. 

(c)  Equivalent  circuit  of  a  single  L  «  I  „  /in(X,/X.)  (3) 

transmission  line  section.  2  21 


To  compute  the  dispersion  curve,  consider 
a  propagating  wave  of  angular  frequency, 

<»,  which  has  a  wavelength  which  extends 
N  transmission  line  segments.  This  wave 
has  phase  shift  per  section, 8,  of  2»  /» 
and  a  velocity,  v  ,  of  Nu/2*  sectlons/sec. 
Using  these  parameters,  in  conjunction 
with  equation  (1),  the  delay  line  dispersion 
can  be  expressed  parametrically  in  terms 
of  N  as  follows! 


v «  n/l^  f .  imnz/si .  <2 ) 


where  v  »  velocity  in  units  of  segments/sec 
N  •  number  of  segments  per  wavelength 
f  ■  frequency 

Equation  (2)  is  plotted  in  Figure 
3.  This  result  will  serve  as  the  primary 
transmission  line  design  curve  in  the 
subsequent  discussion.  The  cut-off  con¬ 
dition  corresponds  to  N  ■  4  (l.e. ,  8  «»/2). 
Frequencies  higher  than  the  cut-off  frequency 
are  severely  attenuated  by  the  transmission 
line.  The  present  theory  only  applies 
to  propagating  waves  at  frequencies  below 
cut-off. 

A  second  result  which  is  needed  to 
design  the  transmission  line  is  the  induc¬ 
tance  per  unit  length  of  two  parallel 
plates  of  width,  w,  snd  separstion,  d. 

This  is  easily  calculated  using  standard 
conformal  mapping  techniques  and  is  given 
by  i 2 


where  X,  and  X.  are  roots  of  the  following 
equation: 


—  •  1  -  X2  ♦  21n  X.  (4) 

d  1  1 

Equation  (3)  is  plotted  in  Figure  4  for 
convenience. 


Figure  4.  Inductance  per  unit  length 
of  parallel  plate  transmission  line 
of  width,  w,  and  separation,  d. 
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NORMALIZED  FREQUENCY  (Ni 


Selected  Conf jguratlonst  The  transmis¬ 
sion  line,  fabricated  for  the  Isaac  Illumi¬ 
nator  ,  was  formed  by  inset  ting  many  rows 
of  high-Q  multilayer  ceramic  capacitors 
between  brass  plates  of  appropriate  width, 
w,  separation,  d,  and  length,  1.  (See 
Figure  2a).  Bach  capacitor  row  spans 
the  plate  width,  w.  The  center-to-center 
spacing  between  the  rows  determines  L  , 
in  conjunction  with  Figure  3.  The  capaci¬ 
tors  do  not  alter  the  parallel  plate  induc¬ 
tance.  Key  transmission  line  properties 
are  given  byt 


2 

t 


(5) 


wheret  2  -  transmission  line  Impedance 
x  -  discharge  pulse  width 
n  -  number  of  segments  in  line 
fco  -  cut-off  frequency. 

Delay  lines  with  cut-off  frequencies  as 
high  as  ISO  MBs  and  impedances  as  low 
as  0.20  can  be  conveniently  fabricated. 

During  the  course  of  this  project, 
two  delay  lines  were  constructed  using 
the  design  parasMters  previously  described. 
For  convenience,  both  were  folded  over 
in  a  fashion  which  did  not  disturb  the 
inductance  per  unit  length.  The  140  MBs 
delay  line  with  its  SCH  switching  array 
is  shown  in  Figure  S.  The  key  features 
of  each  are  shown  in  Table  1.  The  ten 
segment  line,  folded  once,  has  a  38.5 
MHz  cut-off,  a  .540  impedance,  and  an 
83  ns  discharge  pulse.  The  forty  segment 
line,  folded  three  times,  has  a  141.5 
MBs  cut-off,  a  0.500  impedance,  and  a 
90  ns  discharge  pulse.  The  measured  and 
theoretical  dispersion  curves  for  each 
are  shown  in  Figure  6.  The  capacitors 
selected  for  the  10  segment  line  exhibited 
a  frequency  dependent  capacitance,  ex¬ 
plaining  the  deviation  from  theory. 


Figure  6.  Theoretical  and  measured  disper¬ 
sion  curves  for  the  10  and  40  segment 
transmission  lines. 

TABLE  1 


Parameter 

Delay  Line  1 

Delay  Line  2 

No  of 

SegsMnts 

10 

40 

L0(nh) 

2.24 

.56 

C0(nf) 

7.69* 

2.25 

tco(M,,,, 

38.5 

141.5 

2(0) 

.54 

.50 

t(ns) 

83 

90 

W(cm) 

2.50 

1.17 

d(cm) 

1.37 

.32 

l  (cm) 

5.6 

10 

No.  of 

Folds 

1 

3 

No.  of 
Capa¬ 
citors 

20 

160 

Capaci¬ 
tor  Type 

NFO 

Bigh-Q 

Capaci¬ 
tor  No¬ 
mencla¬ 
ture** 

L76/3300 

342/560 

Figure  5.  Photograph  of  the  40  segment 
delay  line  with  SCH  switching  board 
as  described  in  Table  1. 


*at  1  KBs  the  value  was  measured  to 
be  10  nf.  This  value  measured  at  10  MHz. 

♦•Johanson  Dielectrics,  Inc. 

The  ten  segment  delay  line  was  used 
to  drive  the  illuminator  described  else¬ 
where.  The  forty  segment  delay  line  was 
used  to  drive  the  Illuminator  described 
here. 
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(b) 


(c) 


Figure  7.  Pulser  Circuit  Diagram*. 

(a)  Timing  board  including  SCR  trigger  circuit*  and  voltage  up-converter  choke 
driver. 

(b)  Op-converted  choke  board  including  external  trigger  conditioner  and  10V 
regulated  supply. 

(c)  SCR  switching  board  including  interconnects  to  load  and  delay  line. 


Impedance  Transformation!  since 
the  delay  line  Impedance  did  not  always 
match  the  load  impedance  and  it  was  not 
practical  to  build  a  new  line  for  each 
load,  an  Impedance  transformation  technique 
was  employed.  An  exponential  Impedance 
transformation  was  constructed  using  the 
transmission  line  design  curves  shown 
previously.  The  width,  w,  was  increased 
to  reduce  the  Inductance  exponentially, 
while  the  capacitance  per  row  was  increased 
exponentially.  In  this  fashion,  Z  was 
exponentially  reduced,  while  the  cut-off 
frequency  remained  constant.  At  10  MBs, 
the  transformation  section  is  l/4x»  at 
cut-off  (140  MHs),  it  is  2ijX  .  Thus  at  the 
low  frequency  end,  the  segment  serves  as 
a  quarter-wave  matching  filter  and  at 
higher  frequencies  as  an  exponential  trans¬ 
formation.  A  more  complete  description 
of  this  transformation  technique  is  given 
elsewhere. 


The  Electronic  Switch 

The  transmission  line  is  charged  to 
a  voltage  of  up  to  200  V.  The  current 
pulse  to  the  laser  diode  load  is  initiated 
by  the  sudden  conduction  of  two  banks  of 
Dnitrode  GA301A  high  speed  thyristors  (SCR's) 
which  discharge  the  delay  line  through 
the  load  to  ground.  See  Figure  S. 

Each  SCR  bank  has  seven  SCR’s  driven 
in  parallel,  so  that  no  single  SCR  carries 
a  current  surge  in  excess  of  30  amps. 

All  fourteen  SCR's  are  mounted  on  a  PC 
board  which,  when  attached  to  the  delay 
line,  provides  the  three  required  inter¬ 
connections  shown  in  Figure  7c.  The  induc¬ 
tance  of  the  switch,  as  mounted,  is  less 
than  1  nh.  The  switch  on-resistance  is 
1/7  the  delay  line  Impedance  allowing  an 
884  discharge  efficiency. 

Each  bank  has  a  100  V  stand-off  rating 
so  that  shunt  resistors  are  needed  to  equal¬ 
ise  the  total  voltage  of  the  delay  line 
between  both  SCR  banks.  Two  330  pf  capaci¬ 
tors  are  used  to  prevent  dv/dt  firing  during 
the  rapid  recharge  cycle,  see  Figure  7a 
for  circuit  details.  Both  banks  are  trig¬ 
gered  by  the  leading  edge  of  a  5  us  pulse 
transmitted  through  a  pulse  transformer. 

The  two  secondaries  and  the  primary  each 
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have  six  turns  and  are  mounted  in  a  905- 
3B7  Ferroxcube  core.  The  trigger  pulses 
at  points  S  and  F  in  Figure  7(a)  can  be 
seen  in  Figure  8. 


The  delay  line  voltage  is  determined 
by  the  current  flowing  through  the  pristary 
when  the  transistors  stop  conducting,  tha:: 
is: 


A 

S 

C 

D 

E 

F 


TIME  (MS) 


where  L  ■  primary  inductance 

I'  ■  peak  primary  current 
Cp  »  delay  line  capacitance 
V  -  delay  line  voltage 

The  transistor  on-time  is  varied  to 
control  the  delay  line  voltage.  The  induc¬ 
tance  of  the  secondary  determines  the  L- 
C  charge  time  of  the  delay  line,  after 
primary  cut-off. 

By  selecting  a  high  efficiency  power 
transistor  and  making  certain  that  the 
ferrite  cores  did  not  saturate,  a  90%  char¬ 
ging  efficiency  has  been  achieved. 

The  Timing  Circuit 

A  556  dual  timer  IC7  is  used  for  all 
clocking  functions.  One  timer  is  used 
to  trigger  the  SCR's  and  to  establish  the 
repetition  rate  when  an  external  trigger 
was  not  used.  The  second  timer,  triggered 
by  the  first,  controls  the  primary  current 
to  the  charging  cores.  See  Figure  7a  for 
circuit  details. 

External  trigger  pulses  are  amplified 
and  inverted  as  shown  in  Figure  7b.  The 
10  VDC  needed  to  drive  the  556  IC  and  the 
trigger  conditioning  circuit  is  derived 
from  the?switching  regulator  circuit,  using 
a  723  IC,  also  shown  in  Figure  7b. 


Figure  8.  Waveforms  at  various  circuit 

points. 

(a)  556  IC  choke  drive  output 

(b)  Choke  primary  current  during 
charge-up 

(c)  Voltage  across  power  transistor 
driving  choke  primary 

(d)  Delay  line  voltage 

(e)  556  IC  SCR  trigger  drive  output 

(f)  SCR  trigger  drive  voltage  at 
pulse  transformer 


The  Charging  Circuit 

The  delay  line  is  resonantly  charged 
from  a  28  VDC  input  power  source  to  200 
VDC  using  two  3622-3B7  Ferroxcube  trans¬ 
formers  driven  in  parallel.  See  Figure 
7b.  The  transformers  each  have  a  20  turn 
primary  and  60  turn  secondary.  Their 
gap  has  been  adjusted  to.give  an  effective 
core  area.  A, ,  of  400  car .  The  primaries 
are  driven  by  the  three  transistor  amplifier 
shown  in  Figure  7a.  When  the  primary 
current  is  terminated,  the  energy  stored 
in  the  magnetic  field  is  transferred  to 
the  delay  line.  A  fast  recovery  diode 
prevents  the  delay  line  from  discharging 
back  through  the  transformer.  Relevant 
waveforms  shown  in  Figure  8,  a  through 
d. 


Operation  of  Pulser 

The  pulser  was  first  evaluated  by 
driving  a  0.51  dummy  load  with  an  induc¬ 
tance  estimated  to  be  less  than  1  nh. 

These  results  are  shown  in  Figure  9.  The 
top  trace  shows  the  voltage  across  the 
delay  line.  Note  that  the  voltage  drops 
to  about  100  V  as  soon  as  the  SCR’s  discharge 
and  renwlns  nearly  constant  until  the  end 
of  the  pulse.  The  SCR  switching  time  appears 
to  be  10-15  ns,  which  negates  some  of  the 
high  frequency  capability  of  the  delay 
line.  In  any  case,  the  current  through 
the  load  exceeds  160  amps  for  60  ns  of 
the  90  ns  pulse.  The  overall  power  conver¬ 
sion  efficiency  in  this  case  is  nearly 
804  from  28  VDC  to  100  ns  pulses. 
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Figure  9.  Pulaer  performance  Into  .Sin  load. 
Upper  Trace:  Voltage  acroaa  delay  line 
Lower  Trace:  Voltage  acroaa  load 
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Figure  10.  Pulaer  performance  Into  laaer 
array,  with  8-10  nanohenry  Inductance. 
Upper  Trace:  Voltage  acroaa  delay  line 
Middle  Trace:  Voltage  acroaa  laaer 
array 

Lower  Trace:  Laaer  array  light  output 


The  pulaer  waa  then  attached  to  the 
laaer  diode  array  compoaed  of  a  a tack  of 
23  atrlpe  geometry  diode  arrays,  each  50 
alia  wide.  The  light  output  pulae  from 
thia  array  la  ahown  In  Figure  10.  The 
output  pulae  doea  not  extend  the  full  90 
na,  preauaably  becauae  of  atray  Inductance 
In  the  array  which  alowed  the  current  rlae 
time.  Thia  Inductance  la  evidenced  by 
the  inductive  apike  aeen  on  the  delay  line 
and  load  voltage  juat  after  SCR  awltchlng. 

The  array  inductance  waa  minimized 
by  driving  each  element  with  ita  own  H- 
film  tranamlaaion  line  and  connecting  theae 
linea  in  aerlea  ualng  a  low  inductance 
connection.  Array  inductance  ia  eatimated 
to  be  8  nh.  By  reconatructlng  the  connec- 
tora  attached  to  each  diode  stripline, 
thia  inductance  can  be  further  reduced 
to  2  nh  for  an  Improved  pulae  ahape. 

Conclualona 


The  uae  of  delay  linea  formed  by  ceramic 
capacltora  ia  a  flexible  and  convenient 
method  to  form  high  frequency  (ISO  MHz) 
tranamiaaion  linea  with  impedancea  leaa 
than  10  .  Resonant  charging  techniques 
proved  to  be  the  most  efficient  method 
to  charge  the  delay  line.  High  speed  SCR 
arraya  can  provide  switching  times  as  fast 
as  10  ns.  The  limiting  factor  in  pulae 
shape  ultimately  proved  to  be  the  atray 
inductance  of  the  laser  diode  array.  Pulaer 
efficiencies  in  the  80%  range  can  be  obtained. 
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ABSTRACT 

Microwave  Diode  Pulse  Power  Ampiiers  are  being 
developed  for  Radar  applications. 

To  achieve  useable  gain,  peak  power,  and 
average  power  levels,  typically  over  100  diodes  are 
required  in  multi-stage,  multi-diode  cavity  amplifier 
arrangements,  wherein  each  diode  is  concurrently 
pulsed  at  its  optimum  current  level. 

A  multiple  output  modulator  has  been  designed 
(and  tested)  which  provides  essentially  lossless  out¬ 
put  current  division,  a  wide  range  of  output  pulse 
widths  and  duty  cycles,  a  substantial  reduction  in 
parts  count,  and  current  feed  back  output  control. 
Fault  protection  is  also  provided. 


This  paper  also  addresses  the  trade  off  between 
redundancy,  reliability,  and  the  number  of  IMPATT 
diodes  per  modulator.  Protective  circuit  design,  i.e. , 
fault  detection  and  modulator  driver  shut  down  to 
limit  and  isolate  an  IMPATT  diode  fault  is  also 
discussed. 

An  experimental  four  IMPATT  diode  driver  with 
a  four  unit  simulated  load,  and  protective  circuit 
were  built  and  tested.  Results  indicated  good  agree¬ 
ment  with  design  concepts  and  computations. 

Background 

Solid  State  microwave  IMPATT  diode  power 
sources  are  currently  being  developed  for  missile  and 
airborne  radar  transmitters. 


The  basic  modulator  unit  is  a  D.C.  coupled 
differential  amplifier  with  current  feedback  providing 
a  constant  pulse  current  output  in  proportion  to  a 
control  pulse  input.  A  number  of  independent  modu¬ 
lator  units  are  concurrently  pulsed  to  drive  a  multi¬ 
stage  Microwave  Oiode  Pulse  Power  Amplifier.  The 
number  of  independent  modulator  units  is  determined 
by  fault  isolation/localization  considerations. 

The  output  of  each  modulator  unit  is  subdivided 
by  a  network  of  balancing  transformers  to  a  number 
of  diode  loads. 

A  diode  fault  is  detectable  as  an  out  of  tole¬ 
rance  imbalance  condition  between  diode  loads.  This 
is  sensed  by  an  auxiliary  winding  on  the  balancing 
transformers . 


Introduction  and  Summary 

This  paper  dlscuseea  the  design  of  a  modulator 
for  a  multistage  microwave  pulse  power  amplifier 
which  employs  a  large  number  of  IMPATT  diodes. 

First,  the  diode  characteristics  are  described  to 
establish  modulator  output  requirements. 


Because  of  the  present  limited  peak  power 
output  of  a  single  diode,  power  combiners,  which 
sum  the  power  outputs  to  the  desired  level,  are 
used. 


For  a  IKw  multistage  RF  power  amplifier,  power 
combiners  with  as  many  as  64  IMPATT  diodes  and 
over  100  IMPATT  diodes  overall  are  contemplated.  A 
(proposed)  design  employing  124  IMPATT  diodes  is 
shown  in  Figure  1 . 
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Figure  1 .  A  Solid  State  Microwave  Power  Amplifier 


For  multi -mode  operation,  the  radar  transmitter 
needs  a  wide  range  of  pulse  widths  and  duty  cycles, 
all  of  which  are  reflected  in  the  pulse  modulator 
design  requirements. 


Three  modulator  system  design  alternatives  ire 
evaluated  from  the  viewpoint(s)  of  efficiency,  relia¬ 
bility,  and/or  redundancy,  and  size,  weight,  and 
cast  effectiveness.  These  alternatives  are: 

a.  One  modulator  per  IMPATT  diode. 

b.  One  large  modulator  driving  ail  the  diodes 
through  series  resistors  (as  required  for 
diode  current  adjustment). 

c.  A  multiplicity  of  constant  current  output 
modulators,  each  driving  a  group  of  IMPATT 
diodes  through  balancing  coils  which  divide 
the  current  equally  among  the  diodes. 

The  constant  current  driver  with  balance  colls 
provides  the  highest  efficiency  with  a  suitable  and 
controllable  compromise  between  simplification  and 
redundancy.  It  is  also  the  most  size,  weight,  and 
cost  effective  of  the  various  design  alternatives  con¬ 
sidered. 


The  RF  parameters  of  the  microwave  diodes  are 
affected  both  by  the  pulse  current  level  and  by  heat¬ 
ing  during  the  pulse,  where  the  phase-characteristic 
over  the  pulse  is  Important,  the  modulator  may  be  re¬ 
quired  to  provide  a  non-rectangular  output  currant 
pulse,  shaped  to  provide  the  desired  RF  characteris¬ 
tics.  This  implies  that  the  modulator  should  be  a 
current  source  with  a  controlled  or  shaped  output 
pulse  for  optimum  RF  performance.  Pulse  current 
and  voltage  waveshapes  of  interest  are  shown  in 
Figures  2a,  b. 
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Figure  2.  Shaped  Modulator  Output  Pulse  Waveforms 
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Diode  to  diode  variation  in  the  Voltage-Currant 
charactaristics,  and  low  dynamic  Impadanca  pracluda 
paralleling  IMPATT  diodas  from  a  common  modulator 
output  bus. 

Tha  larga  numbar  of  IMPATT  diodas  raqulras 
that  tha  modulator  hava  aquaily  numarous  outputs, 
aach  with  a  control  lad  output  currant. 

To  provida  ona  modulator  par  IMPATT  dloda  is 
raasonabla  If  only  a  small  numbar  of  diodas  ara  in* 
volvad,  but  is  undasiraabla  from  tha  vfawpoint  of 
siza,  waight,  and  cost  whara  larga  numbars  of  diodas 
must  ba  pulsad. 

A  tachniqua  of  modulator  output  currant  division 
using  balanca  coils  has  baan  davalopsd.  This  allows 
ona  modulator  to  afflciantly  driva  a  numbar  of  IMPATT 
dioda  loads,  tharaby  affacting  a  raductlon  In  parts 
count,  and  with  attandant  Improvements  in  size, 
waight  and  cost  effectiveness  of  the  modulator. 

The  proper  application  of  the  balanca  coil  techni¬ 
que  to  a  larga  multistage  IMPATT  dloda  amplifier 
requires  a  tradeoff  of  redundancy  versus  complexity 
and  cost,  to  achieve  an  optimum  system  design. 

Design  Factors 
Diode  Load  Charactaristics 

IMPATT  diodes  are  highly  non-linaar  loads.  To 
tha  modulator,  they  appear  as  reverse  biased  diodes 
in  series  with  a  resistance. 

Typical  operation  enuils  a  continuous  trickle 
currant  of  about  1  mi  1 1  tampers  per  dioda,  which  pra- 
pulsa-biasas  the  IMPATT  diode  to  its  threshold 
voltage. 

The  pulse  current,  in  the  order  of  1  to  2  am¬ 
peres  par  IMPATT  dioda,  raises  tha  voltaga  across 
tha  dloda  to  about  twice  tha  threshold. 


RF  performance  improvment  by  currant  pulse  shap¬ 
ing  exceeds  tha  reduction  in  modulator  efficiency  to 
yield  a  net  gain  in  overall  system  performance. 

Redundancy  and  Reliability 

Whara  numarous  IMPATT  diodas  are  used  in  a 
power  combiner,  theoretically,  a  failure  of  ona  dloda 
may  only  reduce  tha  RF  stage  power  output  by  tha 
contribution  of  tha  ona  diode,  provided  the  modulator 
survives  and/or  limits  tha  affects  of  tha  dioda  failure. 

Dioda  failures  usually  entail  a  change  in  modula¬ 
tor  load  impedance,  and  ara  frequently  a  short  cir¬ 
cuit.  A  short  circuit  is  potentially  tha  most  danger¬ 
ous,  particularly  where  bipolar  transistors  ara  used 
as  series  switches,  due  to  secondary  breakdown  vul¬ 
nerability.  Fault  sensing,  e.g.,  within  ona  micro¬ 
second  is  required  to  protect  the  modulator  and/or 
limit  failure  effects.  This  requires  ona  or  more 
comparators  and  associated  circuitry  per  modulator 
or  per  IMPATT  diode  and  is  an  additional  weight, 
siza,  and  cost  item. 

Design  Alternatives 

In  a  microwave  diode  pulse  power  generator, 
there  are,  if  large  power  gains  and  power  outputs 
are  to  ba  attained,  numerous  diodes  in  many  stages. 
Figure  I  shows  one  such  proposed  design  with  124 
diodes. 

The  initial  design  concept  was  to  design  one 
modulator  per  dioda,  which  might  be  built  as  an  in¬ 
tegrated  circuit  (hybrid). 

This  design  concept  provides  redundancy  and 
individual  optimal  output  adjustment,  but  at  the  ex¬ 
pense  of  a  large  multiplicity  of  parts,  with  a  atten¬ 
dant  size,  weight,  and  cost  penalties. 

Alternative  designs,  to  provide  economy,  and 
simplification  were  investigated. 


The  IMPATT  diode  p-n  junctions  are  extremely 
small  and  there  is  a  significant  temperature  change 
during  the  pulse.  The  temperature  coefficient  of 
the  voltage  drop  is  positive,  so  the  voltage  drop 
across  the  diode  can  rise  with  time  during  a  uniform 
current  pulse  input,  typically  about  five  percent. 

IMPATT  diode  technology  is  rapidly  changing 
and  new  devices  with  new  characteristics,  at  aver 
increasing  power  levels,  are  the  present  state  of  the 
art. 

Modulator  Efficiency 

Modulator  efficiency  is  determined  by  the  mini¬ 
mum  achievable  series  switch  voltage  drop  and  by 
the  standby  losses  during  the  interpulse  interval. 

Standby  losses  become  significant  at  low  duty 
cycles,  and  where  short  pulses  with  fast  rise  times 
are  encountered.  The  standby  power  consumption  of 
a  pulse  amplifier  increases  with  gain  bandwidth  pro¬ 
duct  as  required  to  generate  the  desired  output  pulse 

The  series  switch  voltage  drop  has  to  be  mini¬ 
mized  for  best  power  efficiency.  Where  the  current 
waveform  has  a  peak,  (See  Figure  2)  there  is  a  cor¬ 
responding  load  voltage  peak.  The  minimum  modula¬ 
tor  series  voltage  drop  is  at  that  point.  At  other 
points  during  the  pulse,  the  voltage  drop  Is  higher 
and  power  efficiency  is  reduced.  Presumably,  the 


One  alternative  Is  to  have  a  single  high  power 
modulator  driving  all  of  the  IMPATT  diodes  in  parallel. 

A  single  high  power  modulator  is  generally  more 
size,  weight  and  cost  affective  than  a  multiplicity  of 
smaller  units.  A  single  large  unit,  however,  has  to 
feed  the  numerous  IMPATT  diodes  each  with  its  diffe¬ 
rent  threshold  voltage  and  series  resistance.  Un¬ 
less  the  IMPATT  diodes  are  selected  to  very  narrow 
specification  limits,  a  single  modulator  output  bus 
will  not  provide  the  proper  currant  to  a  large  number 
of  concurrently  pulsed  diodes.  One  simple  solution 
is  to  provide  resistors  in  series  with  each  IMPATT 
diode.  This  is  shown  in  Figure  3. 


Ill 


The  series  resistors  give  fault  isolation  (If 
fusibla  rasistors  ara  amployad)  and  short  circuit 
currant  limiting,  but  losa  power  dua  to  tha  minimum 
rasistanca  and  voltaga  drop  nacassary  to  affact  load 
currant  balanca  between  diodas. 

Tha  attainabla  power  afficiancy  using  sarias 
rasistors  dapands  on  tha  aliowabla  load  currant  vari- 
anca  and  tha  aconomic  cost  of  procuring  IMPATT 
diodas  with  corrasponding  voltaga  and  currant  tole- 
rancas.  Up  to  now,  with  availabla  diodas,  calcula¬ 
tions  show  that  tha  powar  loss  in  tha  sarias  rasistors 
incraasad  tha  modulator  siza,  and  tha  ovarall  powar 
drain  excessively,  and  nagatad  tha  siza,  waight,  and 
cost  advantagas  of  simplfying  tha  modulator  daaign 
down  to  ona  unit. 


2  or  4  diodas  In  4  x  2  and  4x4  arrangamants, 
raspactivaly .  in  tha  lowast  (aval  staga,  with  only 
4  IMPATT  dlodaa,  only  ona  drivar  par  dioda  should 
ba  usad,  (for  radundancy  and  reliability). 

Dioda  Ooaratlna  Currant 

Each  staga  may  usa  tha  sama  dioda  typa.  How* 
avar,  tha  dioda  operating  currant  in  each  stage  is 
dictated  by  the  required  RF  staga  gain  and  powar 
output.  All  of  the  IMPATT  diodas  ara  pulsed  con¬ 
currently,  during  operation. 

In  order  to  adjust  tha  dioda  operating  currant 
as  required,  tha  modulators  have  to  ba  grouped  in 
stages  corrasponding  to  tha  RF  amplifier  stages. 


Another  alternative  system  design,  which  is  tha 
subject  of  this  paper,  is  to  usa  a  sarias  of  modula¬ 
tors,  designed  as  constant  pulse  current  sources, 
feeding  a  sat  of  balanca  coils  which  divide  tha  cur¬ 
rant  among  a  number  of  IMPATT  dioda  loads. 

Balancing  coils  make  it  possible  to  divide  tha 
currant  output  of  a  pulse  modulator  nearly  squally 
between  dissimilar  IMPATT  diodas,  with  low  cost, 
and  high  efficiency. 

Tha  balancing  coil  approach  does  not  give  fault 
isolation  so  a  multiplicity  of  modulators  must  ba  used 
if  a  partial  or  "soft"  failure  protection  mods  is  to  ba 
obtained . 

For  an  RF  system  with  numerous  IMPATT  diodas, 
e.g.,  Figure  1,  it  appears  that  tha  optimum  applica¬ 
tion  of  tha  balancing  coil  technique  will  usa  a  number 
of  modulators,  a.g.  30  to  40  units,  feeding  IMPATT 
diodas  in  groups  of  1  to  4. 

Output  division,  and  judicious  organization  of 
modulator  drivers  with  respect  to  the  RF  amplifier 
stages  will  reduce  the  ovarall  number  of  parts  in  tha 
system  as  a  whole  while  protecting  ovarall  system 
function.  For  example  we  might  usa  8  modulator  cir¬ 
cuits  each  driving  4  IMPATT  diodes,  for  a  32 
IMPATT  dioda  stage,  and  16  modulators  each  driving 
4  IMPATT  diodas  in  a  64  dioda  staga.  Figure  4  shows 
a  multistage  dioda  amplifier  and  multiple  modulators 
each  driving  an  IMPATT  dioda  group. 

in  tha  low  and  intermediate  power  level  stages, 
where  4,  8,  or  16  IMPATT  diodas  ara  used,  each 
diode  makes  a  proportionately  larger  contribution  to 
tha  total  output  relative  to  tha  32  or  64  diode  output 
stages. 

in  tha  low  and  intermediate  powar  stages  with 
8  and/or  16  diodas  wa  might  usa  ona  drivar  for  each 
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Figure  4.  Multistage  Diode  Amplifier 


Figure  S  shows  a  4:1  balancing  coil  circuit. 
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Figure  5.  Equal  Currant  Division  by  Balancing  Coils 


Tha  balanca  coil  technique  Is  an  efficient  load 
combining  technique.  Whereas,  with  tha  sarias  re¬ 
sistor  method  a  significant  excess  modulator  output 
voltage  must  ba  provided  for  the  par  diode  current 
balancing  process  to  ba  effective,  in  tha  balance  coil 
technique,  tha  modulator  output  voltaga  Is  tha  aver¬ 
age  voltaga  required  by  tha  group  of  IMPATT  diodas, 
and  par  dioda  currant  equalization  is  a  function  of 
the  balanca  coil  inductance. 

Tha  Inductance  of  a  balance  coil  is: 


i  x  &E  x  t  where 
u  Al 

L  *  Balance  Coil  inductance, 

AE  «  Voltaga  inequality  between  loads.  Volts 

Al  *  Currant  inequality  between  loads.  Amperes 

t  *  Pulse  width,  seconds. 

Fault  Protection  Technique  With  Balanca  Colls 

It  may  ba  assumed  that  an  IMPATT  diode  will 
fail  either  open  or  short,  and  It  is  vary  improbable 
that  two  or  more  diodes  in  a  group,  e.g.,  a  group 
of  4  IMPATT  diodes,  will  fall  the  same  way  at  tha 
sama  time,  or  that  a  dioda  failure  entailing  only  a 
small  shift  in  the  v-i  characteristics  will  occur. 
Since  the  action  of  the  balanca  coils  Is  to  generate  a 
voltage  to  equalize  the  currants  through  tha  various 
loads,  any  IMPATT  diode  failure  will  result  In  an  ex¬ 
cessive  voltaga  across  the  balanca  coll  terminals.  A 
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the  iMPATT  diode  load.  Fault  detection  can  be  im¬ 
plemented  by  load  voltage  sensing. 


third  winding  on  the  balance  coil  can  sense  the  ba¬ 
lance  coils  overvoltage  condition,  and  this  can  be 
used  to  drive  a  fault  sensing  circuit.  Since  there 
are  many  balance  coils,  i.e.,  one  per  IMPATT  diode, 
the  fault  sense  outputs  can  be  "OR"  connected,  as 
shown  in  Figure  6  in  order  that  any  one  diode  fault 
will  be  detected. 


Figure  6.  Fault  Sensing  Technique  Using  a  Third 
Winding  on  a  Balance  Coil 

An  advantage  of  the  third  winding  technique  is 
the  D.C.  isolation  of  the  high  power  modulator  out¬ 
put  circuitry  and  the  low  power  fault  detection  logic, 
minimizing  EMI  problems. 

Modulator  Driver  Oealqn 

A  direct  coupled  series  modulator  driver  design 
is  the  smallest,  lightest,  and  most  efficient,  and  has 
the  least  number  of  parts.  Further,  suitable  opera¬ 
tion  at  the  shortest  pulse  width  and  the  shortest  rise 
and  fall  times,  guarantees  performance  at  all  longer 
pulse  widths,  rise  times,  etc.  provided  only  that  the 
duty  cycle  capability  is  available. 

In  our  experimental  work  to  this  point,  we  have 
developed  a  direct  coupled  series  modulator  design, 
in  the  form  of  a  feedback  controlled  pulse  current 
source.  See  Figure  7. 


Figure  7.  Feedback  Controlled  Pulse  Current  Source 

The  usefulness  of  the  direct  coupled  series  mod¬ 
ulator  technique  depends  on  the  availability  of  a  suit¬ 
able  series  transistor  with  idequate  voltage  and  cur¬ 
rent  ratings,  and  with  the  required  speed  of  re¬ 
sponse.  Currently  we  are  able  to  series  modulate  a 
load  up  to  (♦)  110  volts  at  6  amperes,  using  a  single 
power  MOSFET,  as  a  P  channel  series  switch. 

Because  the  modulator  is  a  current  regulator, 
a  short  circuit  mode  IMPATT  diode  failure  does  not 
result  In  a  current  increase. 

The  series  power  transistor,  however,  has  to 
absorb  and  dissipate  the  power  that  was  supplied  to 
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An  open  circuit  failure  is  generally  harmless. 
However,  a  short  circuit  failure  will  require  prompt 
modulator  shut  down  to  protect  the  series  switching 
transistor  and  to  protect  the  rest  of  the  system. 

Experimental  Work  and  Results 

Experimental  circuits  have  been  built  and  suc¬ 
cessfully  tested  to  demonstrate: 

a.  Balance  Coil  Current  Equalization 

b.  Pulse  Current  Regulation 

c.  Fault  Detection 

Balance  Coil  Current  Equalization 

In  these  tests,  four  simulated  IMPATT  diode 
loads,  each  consisting  of  two  Zener  diodes  in  series, 
and  a  series  resistor,  were  connected  through  a  4:1 
balance  coil  current  divider.  Using  a  current  probe, 
the  currents  through  each  simulated  IMPATT  were 
observed  to  be  nearly  equal.  Ordinary,  5%  tolerance 
components  were  used.  A  photograph  of  the  experi¬ 
mental  set  up  is  shown  in  Figure  8.  The  schematic 
is  shown  in  Figure  9. 
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Figure  8.  Simulated  IMPATT  Diode  Load 


Figure  9.  Simulated  IMPATT  Diode  Load  Schematic 
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After  the  initial  observation,  a  deliberate  imba¬ 
lance  was  crtatad  by  short  circuiting  one  of  the  two 
series  Zener  diodes  in  only  one  of  the  four  concur¬ 
rently  driven  simulated  IMP  ATT  diode  loads.  The 
current  division  between  the  three  "good"  simulated 
IMPATT  loads,  and  the  "bad"  load  was  than  measured. 

it  was  found  that  the  balancing  coils  maintained 
current  equality  and  that  the  voltages  on  the  loads 
were  adjusted  by  the  balance  coils,  as  predicted  by 
design. 

Pulse  Current  Regulation 

A  pulse  current  source  was  designed  and  imple¬ 
mented  first  with  commercial  high  speed  operational 
amplifiers,  and  later  with  circuitry  of  our  own  design. 
The  current-regulator  driver  consisted  of  an  OP  AMP, 
a  current  booster,  and  a  power  MOSFET. 

Operation  at  pulse  widths  from  0.2  to  10  ps  and 
duty  cycles  to  30%  was  achieved.  Double  exposure 
oscilloscope  photographs,  (See  Figures  10  a,  b,  c) 
show  the  pulse  shape,  and  the  pulse  train  on  appro¬ 
priate  time  bases.  The  pulses  were  into  a  3  ohm 
load. 

Fault  Detection  and  Protection 

A  fault  detection  circuit  was  implemented  using 
a  third  winding  on  each  balance  coil  to  sense  the  load 
inequalities.  A  4:1  simulated  IMPATT  diode  load  was 
made  using,  as  before,  two  series  Zener  diodes  and  a 
series  resistor.  A  "bad"  diode  was  simulated  by 
shorting  out  an  18  volt  Zener,  as  described  earlier. 

The  LM  139  comparator  type  used  has  a  response 
delay  which  precludes  operation  below  0.5  ps. 

At  the  1  ps  pulse  width,  the  protection  circuit 
functioned  as  designed.  Below  1  ps  and  especially 
below  0.5  ps  pulse  width  the  circuit  sensitivity  to 
load  unbalance  decreased,  until  response  ceased. 
The  comparator  output  was  observed  and  the  fault 
detection  signal  had  a  100  ns  rise  time  after  a  500  ns 
delay.  The  fault  signal  from  the  sense  winding  of 
the  balance  coil  followed  the  pulse  without  delay  but 
had  a  high  percentage  of  ringing  and  distortion, 
particularly  at  the  shorter  pulse  widths. 

The  fault  detection  circuit  used  one  percent  com¬ 
ponents,  and  diode  temperature  compensating  techni¬ 
ques  in  its  design.  DC  measurements  indicated  the 
expected  voltages  within  2-3  percent. 

Conclusion 

In  our  experimental  work  we  now  have  a  regu¬ 
lated  current  pulse  source  driving  a  4:1  current  di¬ 
vider  and  with  fault  detection.  This  is  virtually  a 
complete  building  block  of  a  modulator  for  a  Solid 
State  Transmitter. 


a.  Top  -  0.1  ps/cm-H  20V/cm-V 
Bottom  -  10  ps/cm-H  20V/cm-V 


b.  Top  -  0.2  ps/cm-H  20V/cm-V 
Bottom  -  1.0  ps/cm-H  20V/cm-V 


c.  Top  -  2.0  ps/cm-H  20V/cm-V 
Bottom  -  50.0  ps/cm-H  20V /cm -V 
10%  Duty 


Figure  10.  Experimental  IMPATT  Diode  Modulator 
Output  Waveshapes 
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The  Extremely  Low  Frequency  Band  (ELF)  was  proposed  in 
the  late  1950s  for  communication  with  submarines  at  speed  and 
depth.  After  experimentation  with  various  antenna  types  the 
Beverage  antenna,  a  horizontal  antenna  with  grounds  at  either  end, 
was  chosen.  The  fust  proposed  ELF  communications  system  was 
called  Sanguine,  and  was  intended  to  survive  a  considerable  nuclear 
attack  through  hardening  and  redundancy.  A  full  Sanguine  system 
would  have  had  about  100  transmitter  sites  with  a  total  connected 
ELF  power  of  several  hundred  Megawatts.  In  choosing  a  power  am¬ 
plifier  design,  survivability  and  reliable  operation  in  a  nuclear  stressed 
environment  were  the  main  criteria  followed  by  maintainability  and 
unmanned  remote  operability.  Various  types  of  solid-state,  vacuum- 
tube  and  rotating  machine  amplifiers  were  considered.  The  higher 
thermal  mass  of  vacuum  tubes,  and  their  higher  tolerance  for  abuse 
and  impulse-type  stresses,  characteristic  of  lightning  and  high-altitude 
electromagnetic  pulse,  compared  with  solid-state  components,  plus 
their  “off-the-shelf”  status,  when  compared  with  rotating  machine 
type  amplifiers,  made  them  the  choice.  The  ELF  project  office  was 
reinforced  in  this  position  by  the  development  of  two  other  high- 
power  amplifiers  for  the  Navy:  the  highly  successful  tube-type  VLF 
amplifier  for  the  relay  airplane  TACAMO;  and  the  solid-state  (SCR) 
amplifier  built  for  the  Wisconsin  ELF  test  facility.  Although  this  am¬ 
plifier  has  performed  for  1 2  years,  it  has  shortcomings  which  could 


not  be  entirely  eliminated  in  spite  of  two  major  efforts  to  do  so.  It 
can  deliver  full  power  to  a  dummy  antenna  but  only  half  power  to  die 
actual  antenna.  During  local  thunderstorms  the  amplifier  is  likely  to 
blow  SCR  protective  fuses,  sometimes  as  many  as  40  at  a  time. 

A  complete  ELF  transmitter,  although  much  smaller  in  scale  than 
the  full  Sanguine  system,  and  no  longer  required  to  physically  survive 
nuclear  attack,  consists  of  multiple  power  amplifiers,  not  necessarily 
at  the  same  geographical  location.  Each  power  amplifier  must  be 
capable  of  supplying  6S0  kW  of  ELF  power  to  multiple  segments  of 
buried-cable  dipole  antenna,  the  far  ends  of  which  are  low-impedance 
grounded  to  produce  a  deep-earth  return  current  loop. 

The  carrie-  frequency  is  76  Hz.  The  modulation  is  MSK 
frequency-shift  keying  between  "chips”  of  72  and  80  Hz.  The  maxi¬ 
mum  transition  rate  between  chips  is  16/second.  The  minimum  chip 
length  at  72  Hz  is  4.5  cycles  and  at  80  Hz,  S  cycles. 

At  76  Hz  the  nature  of  the  antenna  is  such  that  for  every  ohm  of 
resistance  the  series  inductive  reactance  is  between  4  and  5  ohms. 
Series  capacitance  is  added  to  each  antenna  segment  to  achieve  reso¬ 
nance  at  76  Hz. 

In  addition  to  the  aforementioned  requirements  the  design  goals 
included  maximum  conversion  efficiency,  output  current  constant, 
regardless  of  load  impedance,  and  low-inertia  control  of  output 
amplitude. 


To  achieve  maximum  conversion  efficiency  in  a  power  amplifier 
there  is  but  one  criterion  which  must  be  met:  the  output  current  of 
the  final  amplifier  stage  or  stages  must  flow  only  when  the  voltage 
drop  across  the  stage  or  stages  is  at  a  minimum,  (n  a  conventional 
high-frequency  power  amplifier  the  irreducible  value  of  output  stage 
shunt  capacitance  has  a  susceptance  which  is  sufficiently  high  with 
respect  to  the  load  conductance  that  it  must  be  shunt  resonated  at 
the  carrier  frequency.  The  variational  voltage  across  the  output  stage 
is  thus  constrained  to  be  sinusoidal.  Maximum  efficiency  is  achieved 
as  the  conduction  angle  of  the  output  stage  current  is  reduced  to 
coincide  with  the  instantaneous  minimum  of  plate  voltage.  As  con¬ 
duction  angle  approaches  zero,  the  limit  of  class  C  operation,  the 
theoretical  conversion  efficiency  approaches  100%.  Unfortunately 
the  ratio  of  peak-to-averege  output  ci Trent  approaches  infinity  at 
the  same  time.  For  this  reason  most  practical  high-power  high- 
frequency  amplifiers  are  operated  class  B,  with  180°  output  current 
conduction  angle  and  maximum  theoretical  efficiency  of  78.5%. 
Improvements  can  be  made  by  the  proper  phasing  of  harmonic 
resonances  to  rectangularize  the  voltage  waveform,  categorized  as 
class  D. 

At  carrier  frequencies  as  low  as  ELF  the  susceptance  of  the 
final  amplifier  output  capacitance  is  negligibly  low  with  respect  to 
load  conductance.  There  is  no  reason,  therefore,  not  to  force  the 
final  amplifier  output  voltage  to  be  rectangular,  i.e.,  saturated,  with 
minimum  voltage  drop,  when  conduction  is  required,  and  cut  off 
when  it  isn't 

For  this  particular  application  the  optimum  coupling  netwotk 
between  amplifier  and  load  to  permit  this  mode  of  operation  is  an 
L/C  Tee  network.  The  input  inductor  of  the  Tee  network  provides 
the  low-ion  impedance  across  which  the  harmonic  voltages  required 
of  a  rectangular  waveform  may  be  developed.  The  low-pan  filter 
characteristic  of  the  Tee  network  provides  harmonic  attenuation, 
augmented,  of  course,  by  a  series-tuned  load,  with  its  Q  of  5.  Lastly, 
by  making  the  electrical  length,  at  the  fundamental,  of  the  network 
approximately  90°,  it  functions  u  an  impedance  inverter.  The  in¬ 
herently  low-impedance,  constant-voltage  nature  of  a  voltage- 
saturated  output  stage  appears,  at  the  output  of  the  quarter-wave 
Tee  network,  to  be  a  constant-current,  high-impedance  source. 

The  current  through  the  network  must  be  continuous  and  bi¬ 
polar.  The  output  amplifier,  therefore,  must  be  double-ended. 


Either  push-pull  or  push-push  (totem-pole)  final  amplifier  connec¬ 
tions  are  appropriate.  Consideration  of  output  transformer  volt- 
ampere  requirements,  however,  resulted  in  the  selection  of  the 
totem-pole  arrangement.  A  simplified  schematic  diagram  of  the 
switching  class  (class  S)  ELF  power  amplifier  which  resulted  from 
the  foregoing  design  considerations  is  shown  in  Figure  1. 
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Figure  1.  Simplified  Schematic  Arrangement  of  ELF  Switching 
Class  Power  Amplifier 

The  final  amplifier  tubes  are  connected  in  a  “totem-pole" 
arrangement,  characteristic  of  almost  all  contemporary  high-quality 
audio-frequency  power  amplifiers  and  of  the  floating-deck  type  of 
high-voltage  pulse  modulator.  The  use  of  positive  and  negative  high- 
voltage  power  supplies  permits  the  required  bi-polar  output  of  the 
final  stage.  Each  power  supply  uses  a  six-phase  full- wave  rectifier 
( 1 2-bump)  driven  from  dual  delta  and  wye  connected  secondary 
windinp  to  minimize  ripple  and,  more  importantly,  to  minimize 
distortion  of  the  primary  power  input  current 
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The  L/C  Tee  network  has  a  0  of  unity.  At  the  carrier  fre- 
quency  of  76  Hz  the  inductive  and  capacitive  reactance  of  the 
elements,  normalized  to  the  resistive  component  of  load  impedance, 
are  very  nearly  unity  and  the  phase  delay  of  the  network  is  very 
nearly  9<f ,  The  actual  values  differ  slightly  to  optimize  performance 
at  the  two  modulation  frequencies,  72  and  80  Hz. 

The  output  of  the  Tee  network  is  transformer  coupled  to  the 
load,  which  can  consist  of  one  or  more  series-tuned  buried-cable 
dipole  antenna  segments.  The  primary  windings  of  the  output 
transformers  are  connected  in  series  and  the  turns  ratios  of  the 
individual  transformers  are  identical  so  that  constant  current  is 
delivered  to  each  load  segment  regardless  of  its  impedance. 

Maximum  conversion  efficiency  and  maximum  utilization  of 
the  output  tube  plate  current  and  voltage  holdoff  capability  occur 
when  the  two  tubes  are  alternately  cut  off  or  driven  to  saturation 
by  successive  half-cycles  of  fundamental-frequency  square  waves. 
Even  though  the  grid  drive  waveforms  are  rectangular,  the  plate 
current  is  constrained  to  be  nearly  sinusoidal  by  the  series  tuned 
nature  of  the  load  and  output  coupling  network.  The  plate  current 
conditions,  therefore,  are  nearly  identical  with  those  of  conventional 
class  B  operation,  with  180°  conduction  angle. 

The  output  tubes  are  shunted  by  backswing  diodes,  to  permit 
reverse  current  flow,  the  purpose  of  which  is  two-fold.  As  mentioned 
earlier,  the  load  and  load-coupling  network  are  tuned  to  the  76  Hz 
carrier  frequency.  Modulation,  however,  is  in  the  form  of  output  at 
either  72  or  80  Hz.  At  these  two  frequencies,  and  with  the  nominal 
antenna  Q  of  4.4,  the  plate  current  either  leads  or  lags  the  plate  volt¬ 
age  by  a  phase  angle  of  approximately  24°.  The  voltage  and  current 
relationships  are  shown  in  Figure  2.  Note  that  current  flow  onto 
LI  of  the  Tee  Network  in  the  positive  direction  can  occur  only 
through  VI  or  CR2  and  current  in  the  negative  direction  can  occur 
only  through  V2  orCRl.  Current  through  tne  tubes  VI  and  V2  dis¬ 
charges  the  storage  capacitors  and  current  through  the  backswing 
diodes  CR1  and  CR2  charge  the  capacitors,  returning  energy  to  the 
power  source. 

The  Tee  network  input  current  shown  in  Figure  2  lagging  the 
fundamental-frequency  component  of  network  input  voltage.  For 
a  given  lead  or  lag  phaw  angle  0.  the  peak  input  current  must  be 
li/cos  0  for  the  same  output  power  as  would  be  produced  at  unity 
power  factor,  where  Ij  is  the  in-phase  component  of  current  The 
avenge  power  supply  current  over  1  cycle  of  Tee  network  input 
voltage  is: 
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value  of  ELF  output  voltage  is  Ehh  x  4 It.  The  total  ELF  power 
developed  by  both  tubes  is  4E(,(,lj/  2*  *  iE^lj/v,  which  is  the  same 
as  the  total  DC  input  from  hoth.power  supplies.  Thus,  with  tubes 
having  perfect  switch  characteristics,  the  conversion  efficiency  is  100% 
regardless  of  load  phase  angle.  The  backswing  diodes,  in  effect  per¬ 
mit  the  quadrature  component  of  load  current  to  (low  out  of  each 
power  supply  through  a  tube  and  back  through  a  diode  so  that  the 
net  charge  loss  due  to  quadrature  current  is  zero. 

Contrasted  with  class  B  operation,  a  load  phase  angle  of  0 
would  cause  both  the  peak  and  average  plate  current  to  rise  to 
1/cos  0  for  the  same  output  power.  For  the  same  24°  load  phase 
angle,  the  plate  input  would  rise  by  9.5%  and  the  dissipation  in  an 
output  tube  w<th  zero  plate  drop  at  the  minimum  plate  voltage 
would  increase  from  27.4%  of  the  useful  power  output  to  39.5%, 
an  increase  of  44%  in  dissipation. 

Even  though  maximum  efficiency  and  tube  utilization  are 
achieved  with  fundamental-frequency  square,  wave  drive,  the  only 
means  of  controlling  output  amplitude  while  preserving  efficiency 
require  lossless  variation  of  either  power  supply  voltage  or  ELF 
output  coupling  factor,  such  as  with  Inductrol  or  step-regulator  type 
devices.  These,  however,  are  not  likely  to  be  rapid  enough  to  permit 
differential  amplitude  control  between  the  two  modulation  frequen¬ 
cies  when  they  can  alternate  as  frequently  at  16  times  per  second. 
Furthermore,  the  suppression  of  harmonic  content  in  the  output  is 
left  entirely  to  the  filter  characteristics  of  the  Tee  network  and  the 
series-tuned  antenna,  which  are  shown  in  Figure  3,  for  the  minimum 
anticipated  antenna  Q  of  4. 

AT  71  Hi 


*UMO 


Figure  3.  Harmonic  Attenuation  of  Tee  Network  and  Antenna 
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Figure  2.  Voltage  and  Current  Relationships  in  ELF  Switching 
Class  Power  Amplifier 

This  is  the  same  value  as  for  a  unity  power  factor  load.  The  peak 


The  solution  selected  was  pulse-width  modulation  of  the  input 
signaL  As  the  sampling  rate  of  the  pulse-width  modulation  increases 
the  lower-order  harmonic  content  of  the  rectangular  voltage  wave¬ 
form  diminishes.  Successful  audio-frequency  modulators  at  high 
power  have  been  built  using  pulse-width  modulated  switching  dess 
operation.  A  typical  means  of  obtaining  the  proper  timing  for  the 
pulse-width  modulation,  where  a  sampling  rate  of  up  to  10  times  the 
highest  audio  frequency  is  used,  is  to  superimpose  a  sawtooth  voltage 
waveform  on  the  input  audio  signal  and  measure  the  width  of  the 
sawtooth  component  as  it  penetrates  a  fixed  voltage  threshold. 

The  output  audio  envelope,  after  low  time  delay  filtering,  is  fed  back 
to  the  input,  predistorting  the  input  audio  so  that  the  proper  time 
relationships  will  be  obtained.  The  ELF  power  amplifier  being  des¬ 
cribed,  however,  has  90°  phase  delay  between  the  output  of  the 
switching-class  final  amplifier  and  the  load,  precluding  negative  feed¬ 
back  as  a  means  of  assuring  the  proper  pulse-width-modulation 
timing  Furthermore,  there  is  no  audio-analog  input  to  this  amplifier, 
only  digital  computer  commands.  It  became  necessary,  therefore,  to 
predict  the  timing  sequence  required  to  produce  outputs  of  the 
desired  frequency  and  amplitude. 

The  amplifier  was  designed  to  accommodate  sampling  of  the 
desired  output  sine  wave  at  intervals  as  small  ss  every  10°,  which, 
at  80  Hz  output,  is  a  sampling  rate  of  2880/second.  The  trans¬ 
mitter  station  computer  was  asked  to  determine  the  proper  conduc¬ 
tion  and  cutoff  intervals  for  VI  and  V2,  for  each  sample  intervaL  in 
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accordance  with  the  following  expression: 

sin  *  - - - /cos  8  j  -  cos  (8  j  +  85)  + 

4sin(8,  +?£)  <• 

2  ^85  +  sin  8j  °os8|  -  sin  (8]  +8$)  cosiSj 
8 1  =  angle  of  fundamental  at  beginning  of  sample 
85  *  length  of  sample  in  fundamental-frequency  angle 
1C  *  ratio  of  peak  value  of  fundamental  frequency 
voltage  to  peak  rectangular  voltage  at  input  to 
Tee  network 

Figure  4  shows  the  nature  of  the  waveform  timing  for  a  sample 
interval  of  10°.  The  expression  given  describes  the  timing  relation¬ 
ships  for  the  first-quarter  cycle  of  the  desired  sinusoid.  The  com¬ 
puter  produces  a  mirror  image  for  the  second-quarter  cycle  and  in¬ 
verts  the  first  two  for  the  last-half  cycle.  The  angle  Son  is  the 
length  of  time,  expressed  as  phase  angle  at  the  desired  frequency, 
that  the  uppermost  of  the  two  tubes  ( VI )  is  driven  into  conduction. 
During  the  time  that  VI  is  cut  off,  Tee  network  input  current  must 
flow  in  either CR1,  CR2  or  V2.  When  current  is  in-phase  with  the 
ELF  voltage  it  must  flow  in  CR2  during  intervals  in  the  first-half 
cycle  that  VI  is  cut  off.  The  accommodation  of  pulse-width  modu¬ 
lation.  therefore,  is  the  second  function  of  the  backswing  diodes. 


voltage  to  the  Tee  network  is  countered  by  the  larger  content  of 
higher-order  harmonics,  increased  switching  losses,  and  an  upper 
limit  to  usable  K-factor  of  unity.  Since  the  ratio  of  peak-to-average 
output  tube  plate  current  for  a  given  ELF  output  is  4/K,  tubes  with 
higher  peak  emission  would  be  required  for  a  given  ELF  output 
power  when  compared  with  the  minimum  sampling  rate  upper  limit 
of  K-factor,  which  is  4/». 
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Figure  4.  Timing  of  Pulse-Width  Modulation  for  Sampling 
Interval  of  10  Degrees 


As  the  sine  wave  output  reaches  its  peak  value  the  off  inter¬ 
vals  for  VI  approach  a  few  microseconds  out  of  a  total  period  of 
12.5  milliseconds,  minimum.  It  makes  sense,  therefore,  to  consider 
eliminating  the  off  intervals  near  the  peak  altogether,  using  a  larger 
sample  interval  there.  Furthermore,  the  other  component  of  output- 
circuit  loss,  in  addition  to  the  integral  of  the  product  of  plate  current 
and  saturation  plate  drop  of  the  output  tubes,  is  the  switching  loss. 
This  loss  arises  from  the  charging  and  discharging  of  the  total 
capacitance  referred  to  the  Tee  network  input  each  time  a  rec¬ 
tangular  voltage  transition  occurs.  The  energy  stored  in  this  capa¬ 
citance  must  be  dissipated  in  the  output  tubes.  In  the  classical 
floating-deck  modulator,  which  drives  a  predominantly  capacitive 
load,  this  is  the  maior  component  of  plate  dissipation. 

The  limiting  case  of  sample  interval  which  still  permits  ampli¬ 
tude  control  by  means  of  pulse-width  modulation  is  one-half  cycle. 
The  expression  for  conduction  angle  is  considerably  simplified, 
becoming. 

fk 

sin-^»  1/4  (2  ♦  ^ )  is  shown  in  Figure  5. 

For  a  modulation  K-factor  of  4/*  the  conduction  angle  is  1 80*, 
which  is  a  fundamental-frequency  square  wave.  For  a  K-factor  of 
zero,  living  zero  fundamental-frequency  output,  the  conduction 
angle  is  60* ,  which  is  a  third  harmonic  square  wave. 

Which  pulse-width  modulation  format  (the  high  sampling  rate, 
the  minimum  sampling  rate,  or  an  intermediate  compromise)  would 
ultimately  prove  to  be  optimum  was  left  to  tests  performed  on  an 
actual  power  amplifier.  The  advantage  offered  by  high  sampling 
rate,  which  is  superior  lower-order  harmonic  distortion  of  the  Input 


Figure  5.  Timing  of  Pulse-Width  Modulation  for  Sampling 
Interval  of  180  Degrees 

The  minimum  sampling-rate  format  on  the  other  hand,  is  all 
third  harmonic  at  a  K-factor  of  zero,  and  has  low-third  harmonic 
content  only  for  K-factors  between  l  and  1.2,  as  shown  in  Figure  6. 
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Figure  6.  Third  Harmonic  Tee  Network  Input  Voltage  Content 
as  a  Function  of  Pulse-Width  Modulation  K-Factor 


The  full-scale  ELF  power  amplifier  design  is  for  a  rated  power 
output  of  650  kW  into  the  resistive  component  of  an  antenna  settee- 
tuned  to  76  Hi,  when  driven  at  either  72  or  80  Hz,  resulting  in  e 
total  output  of  71 5  kVa.  It  is  intended  to  deliver  either  100 
amperes  rms  to  a  total  of  65  ohms  or  300  amperes  to  s  total  of 
7.22  ohms,  with  a  nominal  PWM  input  K-factor  of  1.15. 

The  major  components  of  this  design  are  shown  in  Figure  7. 
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Figure  7.  Major  Component  of  6S0  kW  ELF  SwitchingClass 
Amplifier 


The  output  tubes  am  EIMAC  type  8973  (X-2710)  tetrodes.  The 
output  tube  connections  and  output  operating  conditions  am  shown 
in  Figure  8. 


Figure  8.  ELF  Power  Amplifier  Output  Tube  Connections 
and  Operating  Conditions 


To  verify  the  performance  of  the  design,  two  scale-model 
power  amptifien  were  constructed,  each  rated  at  10  kW  power 
output  (12.3  amperes),  which  duplicated  the  full-scale  design  com¬ 
ponent  for  component.  For  output  tubes,  two  pain  of  parallel- 
connected  EIMAC  3CX3000  t nodes  were  used.  Although  the 
present  design  of  the  full-scale  amplifier  uses  the  large  EIMAC 
tetrodes,  the  original  design  was  intended  to  make  use  of  specially- 
developed  high-mu  Inodes,  with  modest  plate  diaapation  capability 
but  disproportionately  high  grid  dissipation  rating  so  as  to  be  opti¬ 
mum  for  the  twitching  datt  application,  in  which  high-grid  drive 


level  is  desired  to  minimize  the  saturated  plate  drop,  which,  in  him, 
results  in  a  minimum  of  plate  dissipation. 

The  10  kW  power  amplifiers  were  designed  and  constructed 
concurrently  with  high  power  testing  of  actual  samples  of  the  high- 
mu  triodes,  under  simulated  per-tube  operating  conditions  at  the 
high-power  test  facility  at  RADC.  Both  tubes  tested  failed  pre¬ 
maturely,  as  a  result  of  grid-cathode  stresses.  It  became  obvious  that 
a  conservative  design  called  for  consideration  of  tubes  with  much 
higher  electrical  ratings,  of  which  the  X-2170  was  deemeo  optimum. 

A  comparison  of  the  actual  circuit  component  values  and 
operating  conditions  of  the  10  kW  power  amplifier  and  the  design 
values  for  the  650  kW  amplifier  are  listed  in  Table  1.  Figure  9  shows 
oscilloscope  waveforms  of  signals  at  various  points  throughout  the 
amplifier.  Figure  9A  shows  the  output  current  on  the  same  time 
base  with  the  digital  input  PWM  signal,  having  a  modulation  K-factor 
of  1. 1 5.  The  output  current  has  a  peak-to-peak  value  of  slightly 
more  than  35  amperes,  corresponding  to  just  over  the  12.3  ampere 
full-load  output  current  at  10  kW  power  output.  Note  the  nearly 
90"  phase  difference  between  output  current  end  PWM  input, 
caused  by  the  delay  of  the  Tee  network.  Figure  9B  shows  antenna 
or  output  voltage  and  current  on  the  same  time  base.  Note  the 
difference  due  to  the  tuned  toed  being  driven  off  resonance. 

Figure  9C  shows  output  current  with  the  input  PWM  changing  from 
72  to  80  Hz  16  times  per  second.  Figure  9D  shows  output  current 
when  the  input  PWM  changes  frequency  4  time*  per  second. 

Figure  9E  shows  the  output  voltage  from  the  totem-pole  output 
stage  (input  to  Tee  network)  on  the  same  time  base  at  the  input 
PWM.  Figure  9F  shows  the  input  current  in  the  Tee  network  and 
the  input  PWM.  Figure  9G  shows  current  from  the  positive-polarity 
high-voltage  power  supply  and  input  PWM.  Current  in  the  negative 
direction  is  return  current  through  the  baduwiag  diode.  Figure  9H 
shows  the  208  Vac  mains  current  in  one  of  the  time  phases,  dtraon- 
strating  the  nearly  sinusoidal  waveform  and  the  It  bumps  asaodatec 
with  a  6-phass,  full-ware  rectifier  system. 
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Tabic  1.  Comparison  of  10  kW  and  650  kW  Power  Amplifier 
Characteristics 


Ruud  Power  Output 

10  kW 

650  kW 

Rated  Output  kVA 

11  kVA 

715  kVA 

Load  Current  at  full  Power 

12.3  A  RMS 

99  A  RMS 

Load  Resistive  Component 

66.3  Ohms 

66.3  Ohmi 

Load  Q 

4.4 

4.4 

Piste  Supply  Voltage 

+/-  4.4  kV 

♦/-  20  kV 

Plate  Supply  Avenge 

Current 

1.3  A. 

18.4  A. 

Peek  Plate  Swing 

4  kV 

19  kV 

Nominal  PWM  K-Factor 

1.15 

1.15 

E IF  Fundamental- 
Frequency  Voltage  at 

Input  to  Tee  Network 

4.6  kV 

21.9  kV 

Arek  Plate  Current 

$  A  (total) 

68.5  A 

Tee  Network  Inductor 

Value 

LI  »  L2  ■  1.98H 

LI  ■  L2  »  0.67  Hy 

Tee  Network  Capacitor 

Value 

Cl  »2*iF 

C!  -  5.9  pF 

Tee  Network  Input 
Impedance  at  72  Hz 

925 /J3 

315  / 23 

Tee  Network  Input 
Impedance  tt  80  Hz 

917  N23 

313  1^24 

Output  Transformer  Turns 
Ratio 

3.86 

124 

INPUT  PWM 
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Figure  9A.  2  ms/ cm 
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Figure  9C.  50  ms/  cm 
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Figure  9D.  100  ms/ cm 
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Figure  9B.  S  ms/cm 


Figure  9E.  2  ms/cm 


Figure  9F.  2  ms/cm 
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Figure  9G.  2ms/ cm 
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To  measure  the  degree  to  which  the  power  amplifier  behaved  as 
a  constant-current  source  the  dummy  antenna  was  reduced,  in 
approximately  1 5%  steps,  from  66.3  ohms  to  a  short  circuit.  The 
output  current  varied  from  12.3  to  12.8  amperes,  a  4%  change. 

The  PWM  input  was  also  varied  in  K-factor  from  0.3  to  1.27 
(the  limiting  case  of  4/»,  producing  a  fundamental-frequency  square- 
wave  input).  The  measured  values  of  output  current  varied  essen¬ 
tially  linearly  as  a  function  of  K-factor. 

Conversion  efficiency  of  the  output  stage  proved  virtually 
impossible  to  accurately  measure,  with  some  measurements  indi¬ 
cating  slightly  over  100%.  It  was  equally  difficult  to  directly  measure 
the  plate  losses  of  the  air-cooled  output  tubes.  The  overall  efficiency 
of  the  10  kW  PA,  however,  was  measured  to  be  76.5%,  including  all 
cooling,  filament  and  loss  loads.  Overall  efficiency  of  the  650  kW  PA 
is  expected  to  be  approximately  80%.with  a  power  factor  greater 
than  85%. 

The  amplifier  control  unit  contained  all  of  the  functions  to  be 
implemented  in  the  full-scale  PA,  which  included  the  extensive 
remote  readout  of  built-in-test  equipment  indications;  automatic 
reset  of  crowbar  and  ELF  interrupt  functions  and  lockout  if  the 
count  of  such  events  exceeded  a  preset  number  within  a  given  time 
interval:  and  response  to  digitally-transmitted  control  signals  appro¬ 
priate  for  a  nominally  unmanned  installation.  All  logic  functions 
were  executed  in  TTL  digital  integrated  circuits.  It  proved  difficult 
and,  in  some  cases,  not  entirely  possible  to  immunize  the  TTL  logic 
from  internally-generated  impulsive  noise,  such  as  crowbar  firings, 
relay  closures,  etc.  For  this  reason  the  design  of  the  full-scale  PA 
control  unit  was  implemented  with  zener-diode-coupled,  high-noise- 
immunity  15-volt  logic  elements. 

Tests  were  performed,  at  the  RADC  high-power  test  facility, 
with  simulated  per-tube  ELF  amplifier  operating  conditions,  on  the 
X-2170  tetrode. 


Figure  9H.  2  ms/cm 

Figure  1 0  shows  the  two  side-by-side  control  units  for  the  two 
10  kW  power  amplifiers,  one  of  which  has  a  panel  removed  revealing 
the  integrated-circuit  card  nest.  Figure  1 1  shows  the  two  high-power 
cabinets,  containing  the  dual  high-voltage  power  supplies,  energy 
storage  capacitor  banks,  crowbars;  the  totem-pole  output  stages  and 
drivers  and  the  optically-coupled  signal  links;  the  Tee  networks  and 
the  output  transformers.  Figure  1 2  shows  the  six  output  trans¬ 
formers,  on  the  lower  shelf;  the  Tee  network  inductors,  on  the 
middle  shelf;  and  the  Tee  network  capacitor  bank,  near  the  top. 

Figure  1 3  shows  the  dummy  antenna  cabinet,  with  the  incremental 
50  millihenry  antenna-simulation  inductors  on  the  floor,  the  incre¬ 
mental  resistors  on  the  right  and  the  antenna  tuning  capacitors  to  the 
left 

The  testing  program  for  the  10  kW  power  amplifiers  for  the 
most  part  verified  the  theoretical  expectations  for  performance, 
including  transient  stresses  resulting  from  rapid  frequency  changes, 
harmonic  content  both  of  output  current  and  of  input  current,  and 
behavior  of  two  power  amplifiers  sharing  common-load  impedance 
or  mutual  coupling. 

The  major  hazard  of  harmonic  content  is  interference  with 
telephone  communication.  For  this  reason  one  of  the  requirements 
of  performance  was  to  meet  a  Telephor.e-lnfluence-Factor  weighted 
RMS  of  total  output  current  and  of  vector-sum  three-phase  input 
current.  The  requirement  is  stated  as: 

f  »  5000  Hz  l.  •  harmonic  current 

r  U2 

I(I„TN)2  '  1090  A-  tN"  Telephone 

«■  4  Influence  Factor 

f  *  72  Hz  (TIF) 

Measurements,  normalized  to  99  A  full-scale  antenna  current, 
as  a  function  of  PWM  K-factor,  gave  values  of  196  A,  197  A,  and 
1 82  A,  at  K-factors  of  0.5, 0.8  and  1.15,  respectively,  compared 
with  predicted  values  of  186  A,  176  A  and  166  A.  Measurements 
were  made  using  a  standard  TTS-37B  telephone  noise  measurement 
set  and  a  capacities  differentiator  to  produce  the  6  dB/octave 
inductive-coupling  factor. 

Compered  to  low  sampling-rate  PWM  the  use  of  high  sampling 
rate  PWM  produced  negligible  improvement  in  telephone  interference 
performance  and  in  some  cases  even  degraded  performance.  For  that 
reason  the  lowest  nmpling  rate  PWM  was  adopted  as  standard.  Figure  1 0.  Side-By-Side  ELF  Power  Amplifier  Control  Units 


120 


Figure  1 1.  Overall  View  of  10  kW  ELF  Power  Amplifiers 


Figure  1 2.  Tee  Network  (upper)  and  Output  Trim  formers 
(lower)  of  10  kW  ELF  Power  Amplifier 
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ne  teste  impoeed  considerable  more  stress  on  the  RADC  facility 
than  they  apparently  did  on  the  X-2170,  which  behaved  quite 
serenely.  The  teste  and  their  ELF  amplifier  significance  are  sum¬ 
marized  in  Table  2. 
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introduction 

A  pressing  need  has  arisen  for  the  development  of 
very  long-life,  energy-transfer  system  components.  As 
additional  applications  for  fast  pulse-power  techniques 
are  conceived,  especially  in  laser  technology,  compo¬ 
nent  specifications  become  more  and  more  severe.  Hlgh- 
repetltlon  rates,  high-peak  and  rms  currents,  and  ex¬ 
tremely  high  reliability  are  but  a  few  of  the  difficult 
constraints.  The  two  basic  components  In  pulsed-power 
technology  are  capacitors  and  switches.  In  order  to 
develop  these  high-voltage  components,  a  unique  labora¬ 
tory  has  been  constructed  using  state-of-the-art  diag¬ 
nostic  and  shielding  techniques. 

The  laboratory  Is  comprised  of  three  basic  sys¬ 
tems: 

Charging  systems 

Diagnostic  systems 

Grounding  and  shielding  systems 

The  block  diagram  In  Fig.  1  shows  the  basic  system  lay¬ 
out.  It  Is  Important  to  note  that  each  system  may  be 
used  separately  or  In  conjunction  with  the  other  system 
blocks. 

In  the  first  year  of  operation,  approximately  24 
different  thyratrons,  capacitors,  saturable  Inductors, 
and  current- viewing  resistors  have  been  characterized 
In  the  facility.  A  thorough  Investigation  of  polypro- 
pylene/sl 1  Icon  oil  low-loss  capacitors  has  been  made 
and  Is  discussed  later. 

The  Charging  Systems 

Perhaps  the  most  Important  part  of  pulsed-power 
technology  Is  power  conditioning.  In  the  component  de¬ 
velopment  laboratory,  both  resonant  and  pulse  trans¬ 
former  charging  (conmand  charging)  are  used  to  fully 
characterize  the  behavior  of  discharge  components. 

LI -car  resonant  charge  voltages  of  5  to  60  kV  at 
repetition  rates  to  3000  pps  are  available.  Kith  the 
use  of  saturating  Inductors,  peak-charge  voltages  of  75 
kV  are  achieved.  Pulse-forming-network  (PFN)  capaci¬ 
tors  up  to  4  nF  can  be  charged  to  80  kV  at  1000-pps 
repetition  rates.  At  reduced  operating  parameters,  ca¬ 
pacitors  of  several  microfarads  can  be  operated  in  a 
discharge  circuit. 

Pulse-transformer  charging  extends  the  operating 
range  of  the  facility  to  a  maximum  charge  voltage  of 
120  kV  at  repetition  rates  of  5000  pps.  Capacitor  val¬ 
ues  up  to  15  nF  can  be  charged  In  2  to  10  us.  Hall- 
plug  efficiencies  of  85%  are  achieved  with  present 
pulse-transformer  charging  systems,  and  efficiencies  of 
greater  than  90S  are  expected  In  systems  under  develop¬ 
ment. 

Since  the  resonant  and  pulse- transformer  charging 
systems  are  completely  separate,  a  discharge  circuit 
under  Investigation  can  be  changed  from  one  to  the 
other  In  a  few  minutes. 


SYSTEM  GROUNDING  ft  SHIELDING 


Fig.  1.  Hlgh-repetltlon  rate  awponent-dev«! opment 
laboratory  operating  system. 


Diagnostics 

In  the  field  of  component  development,  accurate 
and  reliable  diagnostic  capabilities  are  essential. 
The  heart  of  the  laboratory  diagnostic  center  Is  a  com¬ 
puter-controlled  two-channel  transient  digitizer  of 
500-MHz  bandwidth.  Pulse-current  measurement  capabil¬ 
ities  of  up  to  50  kA  at  350-MHz  bandwidth  are  Incorpo¬ 
rated  In  the  experimental  area.  A  recently  developed 
250-kV  dc  to  100-MHz  passive  high-voltage  probe  and  a 
100-kV  dc  to  250-MHz  probe  complement  the  current  meas¬ 
urement  capabilities.  With  other  In-house  diagnostic 
techniques,  such  as  Ion  microprobe,  x-ray  topography, 
and  chemical  analysis,  a  complete  data  base  for  the 
physics,  chemistry,  and  metallurgy  of  components  Is  be¬ 
ing  established. 

A  new  thyratron  current-vl ewlng-resl stor  mounting  i 
flange  assembly,  shown  In  Fig.  2,  was  developed  In  con-  1 
junction  with  T  !■  M  Research,  Albuquerque,  New  Mexico. 
Low- Inductance  design  (  <40  nH)  and  wide  range  of  re¬ 
sistance  values  make  It  suitable  for  almost  any  cir¬ 
cuit.  This  new  diagnostic  tool  has  been  found  to  be 
Indlspenslble  In  thyratron  circuits. 
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Fig.  2.  Thyratron  current-viewing  res is tor /mounting 
flange  assembly. 


Capacitors 

Along  with  the  development  of  various  high-voltaae 
components,  the  present  area  of  prime  Interest  is  mul¬ 
tikilohertz,  long-life,  low- Inductance  capacitors.  A 
major  program  to  fully  characterize  capacitors  designed 
for  pulse  duty  is  in  progress.  The  motivation  for 
pulse-capacitor  development  is  threefold. 

•  To  obtain  a  data  base  to  understand  the  physics 
and  chemical  processes  affecting  capacitor  life. 

•  To  develop  low-loss,  extremely  long-life  capaci¬ 
tors  > 1012  snots. 

•  To  Interact  with  Industry  in  designing  capaci¬ 
tors  In  the  range  of  1  to  20  nF  capable  of 
10  kA/nF  peak  current  In  a  50-  to  100-ns  dis¬ 
charge. 

There  are  two  configurations  that  meet  the  low- 
loss  requirements,  silicon  oil /polypropylene  and  dry, 
reconstituted,  mica-type  capacitors. 

The  equivalent  series  resistance  ( ESR)  is  of  prime 
Importance  In  determining  the  loss  of  the  capacitor 
during  the  discharge  pulse.  The  ESR  measurement  was 
approached  from  several  directions.  The  conventional 
method  of  deriving  ESR  from  a  ringing  discharge  was 
used  along  with  phase  shift,  Fourier  analysis,  and 
temperature  variation  measurements.  A  direct  method 
using  circuit  theory  applied  to  nonlinear  time-varying 
second-order  circuits  was  also  used.  Results  from  all 
methods  Indicated  an  ESR  of  less  than  100  mn.  A  0.5* 
accuracy  of  resolution  is  the  limit  of  the  present  lab¬ 
oratory  diagnostics.  To  make  high-accuracy  ESR  meas- 
urements  at  50-kV,  1-kA  pulse  levels  at  which  the  ca¬ 
pacitors  operate,  a  0.02*  resolution  of  accuracy  would 
be  needed.  In  the  polypropylene/slllcon  oil  capaci¬ 
tors,  dependence  of  lifetime  on  repetition  rate  has 
been  determined  as  seen  In  Fig.  3.  The  repetition-rate 
dependence  is  due  to  a  time-voltage  stress  relation 
seen  only  In  high  dl/dt  circuits. 


A  new  in  situ  method  has  been  devised  to  detect  an 
imminent  failure  in  polypropylene/slllcon  oil  capaci¬ 
tors  using  partial -discharge  detection  techniques.  All 
capacitors  of  this  type  tested  have  failed  in  the  same 
predictable  manner  due  to  the  same  failure  mechanism. 
The  method  of  capacitor-failure  prediction  has  thus  far 
proved  to  be  100*  reliable. 

Thyratrons 

High-average  power  switching  is  a  major  area  in 
the  field  of  pulsed  power.  To  meet  the  requirements  of 
long  life,  high-repetition  rate,  and  low  loss,  the  thy¬ 
ratron  at  present  is  the  only  viable  choice.  In  addi¬ 
tion  to  the  above  qualities,  thyratrons  require  less 
support  equipment  than  high  repetition-rate  spark  gaps 
and  are  far  more  economical  to  use.  Areas  of  thyratron 
investigation  Include  efficiency,  power  and  energy 
flow,  and  switching  characteristics. 

One  of  the  major  problems  to  date  in  fast-dis¬ 
charge,  kilohertz  repetition-rate  spark  gap  switching 
Is  the  large  losses  experienced  (20  to  30*)  In  the 
switch.  In  long-life,  hlgh-rel lability  circuitry  such 
losses  are  totally  unacceptable.  The  thyratron  losses 
during  comutation  In  this  fast-discharge  circuit  have 
been  measured  for  the  first  time  in  this  new  facility. 
For  stored  energies  of  1  to  1.2  J,  this  loss  is  2.2*  at 
an  30-ns  pulse  width  and  a  peak  current  of  700  A.  The 
losses  were  observed  to  decrease  rapidly  with  increas¬ 
ing  energy,  as  expected,  so  that  low-loss  switching  is 
feasible  with  thyratrons,  giving  long  economical  life 
at  high  switching  efficiencies. 

Mew,  compact,  short-pulse  thyratrons  are  currently 
under  development  for  50  to  100  kV  multikilohertz  oper¬ 
ation  at  current  rates  of  rise  in  excess  of  1012  a/s 
at  10  to  100  kA  peak  current  operation. 

System  Upgrade 

The  present  component-development  laboratory  has 
an  average  power  capability  of  50  kW.  A  second  facil¬ 
ity,  capable  of  300-kW  continuous  average  power.  Is 
under  construction.  The  new  facility  is  similar  In 
concept  to  the  existing  laboratory  with  many  advances 
in  diagnostic  capabilities.  Two  projects  planned  for 
the  high-power  laboratory  are  development  of  high- 
energy  density  capacitors  and  PFHs  for  repetitive 
pulsed-oower  laser  applications. 
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The  hlgh-repetltlon  rate  component-development  Is  encouraged  within 

laboratory  has  received  much  Internal  support  as  well  tory  and  are  vital 

as  support  from  Industry.  Interaction  and  technology  technology, 
transfer  between  other  national  facilities  and  Industry 


the  Los  Alamos  Scientific  Labora- 
to  the  advancement  of  pulse-power 
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Sumnary 


Thermal  Effects 


Most  components  used  In  high  power  pulse  genera¬ 
tors  undergo  mechanical  shock  stresses  during  the  pulse 
or  on  Its  leading  edge.  As  power  densities  become  very 
high,  this  shock  may  lead  to  anomalous  behavior  as  well 
as  Introduce  failure  modes  that  may  not  be  Immediately 
obvious.  It  has  been  shown  that  acoustic  shock  waves 
traveling  within  spark  gap  electrodes  can  affect 
electrode  erosion  by  as  much  as  an  order  of  magnitude. 
Thus,  a  new  point  of  view  Is  required  for  component 
design  where  shock  may  be  a  critical  factor.  The 
mechanisms  for  generation  of  shock  farces,  both  ther¬ 
mal  and  electromagnetic,  are  reviewed  and  applied  to 
resistors,  capacitors,  magnetic  devices  and  switches. 
The  mechanisms  described  are  square  law  effects  so 
that  It  can  be  concluded  that  for  high  energy  pulses, 
mechanical  shock  stress  will  be  a  critical  factor  In 
component  survival. 


Introduction 


In  a  broad  and  general  way,  the  mechanisms  for 
the  generation  of  mechanical  forces  In  pulse  power 
components  can  be  ascribed  to  two  mechanisms,  thermal 
shock  and  forces  generated  through  electrostatic  and 
electromagnetic  mechanisms.  These  forces  usually 
manifest  themselves  by  audible  noise  generated  during 
the  operation  of  a  high  power  pulse  generator.  Ob¬ 
viously,  something  must  be  moving  for  the  sound  to 
occur  and  this  movement  can  lead  to  material  fatigue, 
Insulation  failure,  etc.  Also,  erratic  behavior  may 
be  generated  by  the  shock  through  excitation  of  mechan¬ 
ical  resonances  pecular  to  a  particular  component. 

For  Instance,  jitter  In  an  Ignltron  may  be  a  function 
of  pulse  repetition  rate  because  of  ripples  produced 
on  the  mercury  surface  due  to  the  high  magnetic  pressure 
at  the  arc  spot(s). 

Under  the  transmission  of  microsecond  and  shorter 
pulses  of  electrical  energy  through  power-conditioning 
components,  very  rapid  deposition  of  thermal  energies 
into  dielectrics  and  mechanical  connections  can  cause 
Intense  localized  heating.  Oependlng  upon  the  thermal 
damage  levels  of  each  material,  such  heating  may  cause 
single-pulse  catastrophic  damage  or  multiple-pulse 
accumulative  damage  resulting  In  early  failure  of  the 
component  In  the  system.  In  the  context  of  the  present 
discussion,  the  discharge  times  of  Interest  (s  10"°  sec.) 
apply  to  numerous  laser  systems  and  other  pulsed 
systems  of  current  Interest.  As  the  thermal  diffusion 
times  for  even  thin  films  and  very  good  heat  sinks  are 
many  microseconds  [1],  the  heating  In  most  components 
will  be  nearly  adiabatic.  This  discussion  will  be 
qualitative  In  nature  and  relate  these  transient 
thermal  and  electromechanical  effects  In  capacitors, 
resistors,  and  switches  to  each  other. 


The  primary  effect  of  a  fast  electrical  pulse  Is 
to  cause  a  sharp  temperature  Increase  In  dielectrics 
(e.g.,  capacitors)  or  conductive  metal  surfaces  (e.g., 
thyratrons  and  spark  gaps).  Permanent  changes  are 
caused  by  molecular  restructuring  of  the  Insulators  or 
by  sputter  damage  to  metal  surfaces.  For  fast  elec¬ 
trical  pulses  the  thermal  analysis  presented  Is  of 
general  applicability. 

In  the  study  of  temperature  rises  at  Insulator-to- 
Insulator  or  conductor-to-gas  discharge  Interfaces,  a 
one-dimensional  model  Is  generally  appropriate  [1] 
as  illustrated  In  Fig.  1.  The  Region  III  to  left  of 
Region  I  has  the  same  properties  as  Region  II  in  most 
capacitor  winding  geometries.  For  switch  thermal 
transfer  cases.  Region  III  Is  normally  a  glow  discharge 
or  arc  with  a  thermal  dlffuslvlty  much  smaller  than  0, , 
meaning  that  thermal  transport  back  Into  this  region 
may  be  neglected.  Radiation  effects  from  the  metallic 
collector  of  Region  I  are  not  considered.  For  thfs 
microsecond  type  time  scale,  the  radial  thermal  dif¬ 
fusion  per  pulse  Is  negligible,  allowing  the  three- 
dimensional  heat  conduction  equation  to  be  simplified 
from 


It  *  °*2t  +  £  v  ll> 

£-»$  +  *uo  <2> 

where  T  Is  the  temperature  In  K,  t  Is  time  In  seconds, 
x  Is  distance  In  meters,  and  U  Is  power  density  In 
watts  per  cubic  meter.  The  constant  D  Is  the  dlf¬ 
fuslvlty  In  square  meter  per  second  and  K  Is  the  ther¬ 
mal  conductivity  of  the  material  In  watts  per  second 
meter-kelvln.  Assuming  continuity  and  negligible 
temperature  rise  for  very  large  x,  then  this  equation 
can  be  solved  as  there  Is  no  radial  or  azimuthal  tem¬ 
perature  variation  [2],  Starting  from  an  Initial 

•  0  then  an  adiabatic  tem- 
1n  Region  I  so  that 

T-To-^UQt.  (3) 

Thus,  this  Is  the  maximum  temperature  rise  that 
can  take  place  and  yields  a  true  upper  limit,  e.g., 
particularly  when  thermal  diffusion  out  of  Region  I 
takes  place  slowly. 

A  second  solution  to  the  transient  temperature 
rise  is  found  In  the  case  of  depositing  thermal  energy 
In  Region  I,  with  0m  ■  0  and  0,,  ■*  •.  The  solution 
has  been  obtained  by  Domingos  [2]  In  his  excellent 


temperature  of  T0,  If  0,, 
perature  rise  takes  plaie 
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study  of  transient  effects  In  resistors  and  Is  of 
genera )  applicability  to  capacitor  and  switch  heating. 
Figure  2  plots  the  realtlonshlp  between  temperature 
rise  for  a  finite  layer  for  different  boundary  con¬ 
ditions. 


The  temperature  distribution  at  several  times  can 
be  obtained  for  several  pulse  lengths.  For  very  short 
times  the  rise  Is  significant  only  In  the  Insulator 
with  the  peak  temperature  as  given  by  Eq.  (3).  Grad¬ 
ually,  the  thermal  energy  diffuses  Into  Regions  II  and 
III.  For  most  configurations,  0,,  *  0,,,  Is  of  Inter¬ 
est  and  the  character  of  the  distributions  for  several 
times  (1-4)  Is  plotted  In  Fig.  3.  Note  that  cessation 
of  the  electrical  pulse,  after  say  1  us  for  dielectrics 
of  thickness  of  a  few  mils,  results  In  cooling  of  the 
insulator  by  diffusion  Into  the  outer  regions  with  a 
time  constant  1/D.  This  thermal  energy  gradually 
diffuses  Into  the  substrate  environment,  such  as  the 
metallic  (generally  aluminous)  conductors  In  a  film 
capacitor  or  the  electrode  cooling  structure  In  repeti¬ 
tive  switches. 


Let  us  now  turn  to  some  examples  of  transient 
thermal  effects  and  also  some  damage  situations  sepa¬ 
rate  from  adiabatic  heating  wherein  the  Inpulse  damage 
has  a  dominant  voltage  effect.  Temperature  distribu¬ 
tions  In  a  one-dimensional  model  of  a  film  resistor 
have  been  calculated  by  Domingos  using  a  finite  dif¬ 
ference  technique.  Assuming  an  Initial  equilibrium 
temperature  of  TQ,  a  constant  power  pulse  applied  for 
several  pulse  durations,  the  temperature  as  a  function 
of  time  Is  similar  to  the  distribution  In  Fig.  2.  The 
wings  of  the  distributions  Illustrate  diffusion  of 
thermal  energy  on  a  time  frame  equal  to  the  pulse 
duration  and  clearly  Illustrates  the  large  film  tem¬ 
perature  rise  obtainable  for  even  modest  Input  ener¬ 
gies.  For  example,  carbon-film  and  metal-film  re¬ 
sistors  suffer  damage  for  Input  energies  from  12  to 
ZOO  mj  for  1-us  pulse  duration  [2].  This  Is  to  be 
compared  to  2.4  J  for  carbon  composition  resistors 
where  the  thermal  heating  Is  of  a  bulk  nature  In  con¬ 
trast  to  the  films  wherein  the  vaporization  or  melting 
point  temperature  Is  readily  achieved  at  much  lower 
energies.  As  the  pulse  duration  Increases  It  has  been 
observed  that  the  energy  threshold  for, damage  rises 
significantly  (10'°  J  at  10'7  s  to  10‘3  J  at  10’3  s 
for  Allen  Bradley  carbon-composition  resistors)  [3]. 
This  may  be  caused  by  Internal  voltage  stress-induced 
breakdown  at  the  higher  voltages  used  at  shorter  pulse 
widths  [4].  Indeed,  the  question  of  accumulated  damage 
with  number  of  pulses  has  been  addressed  at  some  length 
In  the  design  of  high-voltage  coaxial  attenuators  [5J. 
Previous  studies  of  damage  were  concerned  primarily 
with  large.  Irreversible  (^5-1 OS)  changes  In  resistance 
In  one  single  pulse.  For  electromagnetic-pulse  ap¬ 
plications  this  Is  very  useful  Information  for  system 
design.  In  the  development  of  repetitive  pulse  sys¬ 
tems,  It  Is  of  more  value  to  assess  the  accumulative 
damege  with  shots  and  applied  voltage.  Figure  3  Il¬ 
lustrates  the  per  cent  resistance  change  In  a  56-n,  2-W 
Allen  Bradley  carbon-composition  resistor  as  a  function 
of  number  of  pulses,  for  a  lot  size  of  10  resistors  at 
each  voltage  level  [5].  The  pulse  width  In  all  cases 
wes  260-ns  FKW.  The  points  are  the  average  for  10 
resistors,  each  resistor  being  subjected  to  l,  10,  100, 
and  1000  pulses  and  measured  thereafter.  The  error 
bars  represent  the  maxlmua  excursions  from  this  average 
value  observed.  The  dependence  of  the  X  R/R  upon 
number  of  pulses,  N,  Is  obtained  from  a  least-squares 
fit  to  the  data  and  If  V  Is  the  peak  pulse  voltage  In 
kilovolts 

Tf  -  T*  *  0M  In  N.  (4) 


It  Is  presumed  that  the  small,  acunulatlve  damage 
per  pulse  Is  caused  primarily  by  superheating  at  carbon 
carbon  granule  Interfaces  as  has  been  observed  by 
Merton  In  crystalline,  thick-film  resistive  structures  [A* 
This  gradual  reduction  In  resistance  Is  of  concern  in 
voltage  dividers  as  well  as  rf  circuitry  and  has 
prompted  a  shift  to  metal  film  resistors  In  low-level 
systems.  At  higher  voltages  and  powers  the  problem  Is 
considerably  more  acute,  and  new  structures  are  required. 


Electromagnetic  Forces 


For  most  cases,  the  simplified  approach  of  the 
description  of  the  force  generation  mechanisms,  i.e. 
electrostatic  and  electromagnetic.  Is  justified  be¬ 
cause  of  symmetry  and  the  dimensions  of  components  is 
usually  small  compared  to  a  wavelength  of  the  excita¬ 
tion  current  or  voltage.  In  general,  the  total  force 
generated  by  an  electric  or  magnetic  field  can  be 
expressed  as 


f 


q  •  const,  (capacitors) 
♦  *  const.  (Inductors) 


where  W,  Is  the  total  energy  stored  In  the  filed,  x  Is 
a  dimension  and  q  Is  the  charge  on  conductors  (for 
electrostatic  fields)  and  *  Is  the  magnetic  flux  (for 
electromagnetic  fields)  [6J.  In  general,  forces 
derived  from  electromagnetic  fields  act  to  change  the 
circuit  or  component  dimensions  to  increase  the  total 
energy  stored.  For  magnetic  fields.  It  can  be  further 
said  that  the  magnetically  derived  forces  will  act  to 
reduce  localized  energy  density,  even  though  overall 
energy  storage  will  Increase.  Electric  fields,  on 
the  other  hand  will  produce  forces  that  act  to  In¬ 
crease  energy  density. 


Electrostatic  Forces 


The  force  exerted  on  the  dielectric  In  a  capacitor 
may  be  expressed  as 


f  *  7  yZ  3x 


where  V  is  the  applied  voltage,  x  is  a  dimension  and  C 
Is  the  capacitance  expressed  as  a  function  of  x. 

Thus,  If  c  Is  given  by 


where  e  Is  the  permltlvlty,  A  Is  the  area  of  the 
capacitor  plates  and  x  Is  the  plate  separation.  The 
compressive  force  exerted  on  the  dielectric  Is 


x  2 

This  formulation  gives  a  pressure  of  about  .1  lb/in 
for  an  electric  field  stress  of  6  Mvolts/meter  In 
mylar.  This  mechanical  force  Is  exerted  by  the  capa¬ 
citor  plates  on  the  dielectric  so  that  a  squeezing 
action  is  transmitted  to  the  oil  (impreginate)  and  a 
pumping  action  Is  Initiated.  Thus,  the  capacitor 
vibrates  at  the  pulse  repetition  frequency.  Because 
of  the  usual  construction  of  capacitors,  this  force 
will  be  most  predominant  on  the  outermost  layer.  The 
Internal  forces  will  be  largely  counterbalanced  except 
at  localized  points  such  as  foil  wrinkles. 


If  the  highest  dielectric  materia!  In  a  capacitor 
does  not  fill  the  complete  volume  between  the  capa¬ 
citor  plates,  than  a  stretching  force  Is  exerted  on 
the  higher  dielectric  material  in  directions  to  fill 
the  capacitor.  This  affect  can  be  seen  by  expressing 
C  as  -  .  elx 
c  *  -J- 


126 


where  d  is  the  plate  separation,  1  is  the  plate  length 
and  x  is  the  dimensional  direction  in  which  the  dielec¬ 
tric  does  not  fill  the  area  between  the  plates.  Thus, 
the  stretching  force  is  given  by 


From  this  formulation  it  can  be  seen  that  the  higher 
dielectric  materials  are  attracted  to  the  highest  field 
regions  {the  foil  edges).  Further,  any  high  dielectric 
impurities  will  be  attracted  to  the  high  field  regions. 
It  also  follows  that  the  low  dielectric  materials  will 
tend  to  be  displaced  by  the  high  dielectric  materials. 
If  low  dielectric  materials  are  susperded  in  a  high 
dielectric  fluid  where  a  significant  electric  field 
gradient  is  present,  a  churning  action  may  be  observed. 

Magnetic  Forces 

Since  magnetic  fields  and  thus  Inductances  are 
inherent  in  any  electrical  circuit,  a  useful  formula¬ 
tion  for  the  magnetic  forces  is  given  by 


where  1  Is  the  current  and  L  is  the  Inductance  ex¬ 
pressed  as  a  function  of  x.  This  formulation  Ignores 
the  nonl inearitles  of  iron.  It  Is  none-the-less  useful 
for  visualization  of  the  character  of  magnetically 
derived  forces  of  electrical  circuit  components. 

Inductance  may  be  expressed  functionally  as 

L  » 


where  N  *  turns, 

u  ■  permeability, 

1  *  magnetic  path  length, 

A  *  cross  sectional  area  of  magnetic  path. 

clearly,  the  forces  on  a  current  loop  are  such  that  the 
magnetic  length  tends  to  shorten  and  the  cross  sec¬ 
tional  tends  to  increase.  Thus  an  Inductor  undergoes 
an  axial  compression  as  well  as  expansive  force.  In 
the  event  that  iron  is  present,  the  Iron  undergoes  a 
compressive  force  along  the  magnetic  path  (magneto¬ 
striction)  and  a  very  noticeable  "thump”  is  associated 
with  iron  core  devices  used  in  pulse  power  systems. 

This  mechanical  motion  generates  losses  In  pulse 
transformers,  charging  Inductors,  etc.  not  accounted 
for  by  eddy  current  and  hysterysis  losses  since  mech¬ 
anical  work  is  being  done  which  Is  not  returned  to  the 
electrical  circuit. 

Magnetic  fields  may  become  especially  Intense  at 
circuit  configurations  such  as  angle  turns  or  U-shaped 
bends.  Situations  Involving  turns  may  be  depicted  by 
the  arc  channel  and  the  electrodes  of  spark  gaps.  This 
configuration  can  exert  sufficient  force  on  the  elec¬ 
trode  to  generate  acoustic  waves  Into  the  electrode 
[7].  Thyratron  anode  cups  represent  a  case  of  a  U- 
shaped  revolution.  At  very  high  di/dt  operation,  the 
current  will  run  along  the  anode  skin  and  conisderaole 
force  may  be  exerted  on  the  walls  and  bottom  of  ti  e 
anode  cup. 

Situations  Involving  concentration  of  magnetic 
fields  may  be  more  appropriately  described  by 

f  *  f*  [/  ^dv] 

where  v  is  the  volume  of  Interest.  Manipulation  of 
this  equation  results  In  a  magnetic  pressure  [8] 

P  ■  W. 


This  pressure  may  be  exerted  directly  on  the  surface  of 
conductors  causing  a  considerable  shock  wave  to  be 
developed.  (The  exact  nature  of  the  pressure  pulse 
depends  on  the  circuit  configuration  and  the  reader  is 
referred  to  ref.  8.)  Those  situations  involving  geo¬ 
metries  where  magnetic  fields  are  concentrated  can  be 
expected  to  undergo  considerable  mechanical  stress 
during  the  discharge. 


Conclusions 


Because  most  materials  expand  when  heated,  tran¬ 
sient  adiabatic  heating  of  pulse  power  components  can 
lead  to  extreme  internal  stresses  in  pulse  power  com¬ 
ponents.  When  these  stresses  are  combined  with  those 
due  to  electromagnetic  forces,  especially  magnetic 
effects,  Vv'ious  failure  mechanisms  become  clear.  A 
resistive  conductor  undergoing  a  rapidly  rising,  high 
current  pulse  may  develop  surface  cracks  and  pitting 
due  to  the  sudden  shock  forces  exerted  on  its  outer 
layer  (<  one  skin  depth).  The  thermal  stress  in  SCRs 
may  be  especially  severe  under  pulse  loading  [9]. 
Because  considerable  energy  will  be  deposited  in  the 
depletion  region  upon  turn  on,  this  region  will  expand 
sufficiently  to  vibrate  the  crystal.  Repetitive  pul¬ 
sing  may  then  lead  to  mechanical  fatigue. 

Electromagnetic  and  thermal  forces  may  produce 
sufficient  shock  for  high  di/dt  operation  to  over 
stress  Insulator /conductor  interfaces  so  that  leaks 
occur.  Simple  metal -to-metal  contacts  which  are  not 
uniform  are  forced  apart  by  the  uneven  current  dis¬ 
tribution.  Thus,  pitting  and  arcing  may  occur  within 
metal  connection  so  that  performance  suffers  as  well  as 
early  failure. 

Although  electrostatic  forces  are  usually  weak, 
they  none-the-less  can  lead  to  troublesome  problems. 
High  dielectric  impurities  are  attracted  to  the  points 
of  highest  field  stress.  For  instance,  oxides  of 
aluminum  do  not  have  high  breakdown  strength  but  would 
be  attracted  to  the  highest  fields  leading  to  corona 
and/or  breakdown. 

As  energy  densities  increase,  the  consequences  of 
mechanical  motion  and  shock  can  be  expected  to  intro¬ 
duce  early  failure  modes  and  anomalous  behavior.  It 
should  be  noted  that  the  mechanisms  for  the  production 
of  shock  stresses  are  square  law  effects.  The  appli¬ 
cation  of  transient  thermal  diagnostics  to  other  elec¬ 
trical  energy  storage  and  transfer  components  will 
become  a  matter  of  more  concern  in  the  future  as  repe¬ 
titive  high-average  power  applications  continue  to 
expand.  This,  along  with  electromechanical  effects, 
may  well  turn  out  to  represent  a  limit  to  present 
system  scalability  and  point  toward  the  research  and 
advanced  development  ictivltles,  which  will  then  be 
required  to  meet  future  applications. 
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Fig.  1.  One-dimensional  model  of  a  film  resistor.  Region  t 
1»  tho  resistive  film.  Region  II  Is  tl>«  substrate, 
and  Region  III  Is  the  Insulating  Jacket.  (Ref.  2) 


Fig.  2.  Peak  temperature  rise  In  a  finite  layer  with  different 
boundary  conditions.  Region  II  Is  a  perfect  Insulator 
In  the  top  curve,  a  perfect  heat  sink  In  the  bottom 
curve,  and  has  the  same  thermal  properties  as  Region 
I  In  the  center  curve.  (Ref.  2) 


Fig.  3.  Illustration  of  the  transient  temperature  rise  per 
unit  Input  pwer  In  a  dielectric  film  surrounded  on 
either  side  by  a  thermally  high  dlffuslvlty  substrate. 
As  the  pulse  duration  Increases,  the  thermal  effects 
change  from  adiabatic  heating  to  significant  heat  flow 
during  the  pulse. 
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Fig.  4.  The  per  cent  resistance  change  in  56-0.  2-W  Alien  Bradley 
carbon-composition  resistor  as  a  function  of  number  of 
pulses,  for  a  lot  size  of  10  resistors  at  each  voltage  level. 
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Abstract 

Metal  foil,  dielectric  film,  oil  impregnated 
capacitors  often  develop  internal  corona  near 
sharp  metal  edges  when  under  high  AC  electri¬ 
cal  stresses.  We  have  identified  at  least  two 
distinct  types  of  corona:  a  relatively  non- 
damaging  weak  uniform  glow;  and  a  very  damag¬ 
ing  spark-like  discharge.  Pressurization  of 
the  oil  impregnation  reduces  both  types  of 
corona,  and  sufficient  pressure  will  extin¬ 
guish  the  spark  corona.  In  situations  where 
dielectric  lifetimes  would  be  from  103  to  10° 
cycles,  pressurization  increases  the  lifetime 
to  in  excess  of  10’  cycles  with  no  observed 
failure.  A  simple  model  is  discussed  that 
correctly  predicts  the  observed  relationship 
between  pressure  and  voltage  for  the  extinc¬ 
tion  of  the  spark  discharges.  Based  upon 
these  results,  a  prototype  pulse  forming  net¬ 
work  has  been  constructed  which  meets  the  re¬ 
quirements  of*  a) high  reliability;  b) very  low 
inductance  I  <  InH) ;  c) low  output  impedance 
(~0.3A);  d)high  heat  transfer  characteris¬ 
tics;  e) single  unit  packaging;  f)  reasonable 
cost. 


Experiment 

The  corona  discharges  that  take  place  within 
metal  foil,  dielectric  film,  oil  filled  capac¬ 
itors  was  simulated  with  the  experimental 
arrangement  shown  in  Fig.  1.  The  insulating 
film  is  located  between  the  flat  bottom  of  an 
aluminum  vessel  and  the  end  of  a  one  inch  dia¬ 
meter  aluminum  rod  that  is  purposefully  mach¬ 
ined  flat  to  leave  a  very  sharp  circular  metal 
edge  which  is  placed  upon  the  insulation. 

Full  wave  AC  voltages  are  applied  between  the 
metal  electrodes  at  the  frequencies  of  either 
60  or  400  Hz,  with  voltages  as  large  as  14  kv 


Figure  Is  Experimental  Arrangement 


The  experiment  proceeds  by  setting  the  hydro¬ 
static  pressure  in  the  capacitor  vessel,  and 
then  increasing  the  AC  voltage  until  spark 
corona  is  visually  observed.  The  voltage  is 
then  slowly  reduced  and  the  voltage  at  which 
the  corona  extinguishes  is  recorded.  Measure¬ 
ment  of  the  somewhat  lower  corona  extinction 
voltage  is  preferred  since  this  better  repre¬ 
sents  the  maximum  operating  voltage  of  a  full 
scale  pulse  forming  network. 


Experimental  Results 

Before  discussing  the  more  quantitative  as¬ 
pects  of  these  measurements,  it  is  perhaps 
best  to  mention  a  few  qualitative  results. 

Two  types  of  corona  have  been  observed  near 
the  sharp  edge  of  the  HV  electrode.  In  all 
cases,  damaging  spark-like  discharges  can  be 
observed  under  appropriate  conditions.  In  the 
case  of  transformer  oil  impregnation  however, 
an  additional  weak  luminous  glow  was  also 
observed,  but  this  corona  does  not  appear  to 
have  any  serious  damaging  effect.  When  obser¬ 
ved  with  a  current  probe,  the  weak  glow  is  a 
series  of  closely  spaced  current  spikes  that 
occur  during  the  rising  and  falling  portions 
of  the  voltage  wave  that  follow  voltage  zero 
crossing.  After  several  hours  of  pressuriza¬ 
tion,  the  color  of  this  weak  glow  seemed  to 
depend  upon  the  type  of  gas  used  to  pressurize 
the  system. 

A  second  important  observation  is  that  with 
Mylar  (a  polyester  film)  and  with  no  paper 
next  to  the  sharp  edge,  the  spark-like  corona 
could  not  be  extinguished  at  any  reasonable 
pressure/voltage  condition.  Insertion  of  a 
layer  of  drafting  paper  between  the  Mylar  and 
the  sharp  edge  resulted  in  spark  corona  that 
was  easily  extinguished  under  pressure.  On 
the  other  hand,  Kapton  (a  polyimide  film)  with 
no  paper  resulted  in  corona  that  was  also 
easily  extinguished  under  pressure.  Perhaps 
the  difference  is  due  to  the  fact  that  Mylar, 
when  heated  to  relatively  modest  temperatures, 
tends  to  vaporize. 

Finally,  we  observed  at  least  two  types  of 
spark-like  corona  during  this  experiment. 

Both  occur  more  or  less  randomly  in  time  with 
an  "eyeball”  frequency  that  increases  rapidly 
with  electrical  stress.  However  at  lower 
stress,  the  spark  corona  occurs  more  or  less 
randomly  in  position  along  the  sharp  edge; 
where  as  above  a  certain  threshold,  the  sparks 
concentrate  at  one  or  a  few  locations.  The 
second  type  is  extremely  damaging,  and  dielec¬ 
tric  failure  soon  follows.  Capacitors  that 
have  predictable  pulsed  lifetimes  may  be  suf¬ 
fering  from  the  low  stress  type  of  spark-like 
corona  damage. 
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Figure  2:  Applied  Pressure  versus  (Voltage) 
for  the  extinction  of  spark-like 
corona  in  test  cell.  Insulation 
is  one  5  mil  sheet  of  Mylar  plus 
one  2  mil  drafting  paper  next  to 
sharp  edge.  Curves  1  and  2  refer 
to  transformer  oil  and  Dioctyl 
phthalate  impregnation  respec¬ 
tively. 


The  measured  relationship  between  the  applied 
absolute  pressure  and  the  spark  corona  extinc¬ 
tion  voltage  for  the  case  of  one  5  mil  sheet 
of  Mylar  plus  one  2  mil  sheet  of  drafting  pap¬ 
er  located  between  the  Mylar  and  the  sharp 
edge  electrode  is  shown  in  Fig.  2.  Curve  1 
corresponds  to  transformer  oil  impregnation, 
and  Curve  2  refers  to  Dioctyl  phthalate  im¬ 
pregnation.1-  Our  results  indicate  that  the 
square  of  the  extinction  voltage  is  propor¬ 
tional  to  the  applied  pressure. 

Two  reasonable  assumptions  seem  to  be  suffi¬ 
cient  to  explain  the  observed  relationship 
between  pressure  and  voltage : 

1)  The  spark-like  corona  is  initiated  by  dis¬ 
charges  that  take  place  within  oil  vapor 
bubbles,  with  the  bubbles  being  spontan¬ 
eously  produced  during  each  half  cycle  of 
voltage  because  of  the  very  high  local 
electrostatic  energy  density  in  the  oil 
near  the  metallic  sharp  edge. 

2)  The  electric  field  in  the  bubble  during  and 
after  the  initial  gas  breakdown  is  zero,  or 
at  least  very  much  reduced  because  of 
charge  transport. 

The  question  of  bubble  nucleation  sites  is  not 
addressed  because  the  sequence  of  the  measure¬ 
ments  implies  many  previous  corona  discharges 
which  would  be  expected  to  supply  many  nuclea¬ 
tion  sites. 


The  remaining  argument  is  simply  that  the 
electrostatic  energy  in  the  oil  that  is  avail- 
ble  to  produce  a  bubble  of  volume  V,  this 
would  be  approximately  >ik€«E2V,  must  be  great¬ 
er  than  the  thermodynamic  energy  needed  to 
vaporize  the  liquid,  produce  a  liquid-vapor 
interface ,  support  perhaps  some  heat  lost  due 
to  heat  conduction,  and  then  do  the  work  PV 
that  is  required  to  produce  a  bubble  of  volume 
V  at  pressure  P.  The  electric  fields  near 
sharp  edges  can  easily  be  in  the  range  of 
5000  V/mil,  and  this  corresponds  to  electro¬ 
static  energy  densities  in  the  range  of 
5  x  10s  J/m3.  On  the  other  hand,  pressures  of 
the  order  of  5  atmospheres  also  correspond  to 
energy  densities  in  the  range  of  5  x  lo'  J/m3. 
Thus  for  the  electrical  stresses  to  be  found 
in  typical  high  voltage  pulse  forming  networks, 
pressures  of  several  atmospheres  are  suffi¬ 
cient  to  extinguish  the  damaging  internal 
corona.  Furthermore,  the  required  pressure 
would  be  expected  to  depend  upon  the  square  of 
the  operating  voltage  as  is  indicated  by  our 
experimental  results. 

The  differences  between  Curves  1  and  2  in  Fig. 

2  suggest  that  perhaps  additional  properties 
of  the  solid  and  liquid  dielectric  materials 
may  need  to  be  considered  during  the  selection 
process.  Fluid  properties  such  as  heat  of 
2  vaporization,  surface  tension,  and  speed  of 
sound  may  influence  the  dynamics  of  bubble 
formation  and  collapse.  One  of  the  most  im¬ 
portant  fluid  properties  that  must  be  deter¬ 
mined  is  the  solubility  of  various  gases  in  the 
liquid  as  a  function  of  pressure.  Vapor  pro¬ 
perties  such  as  ion  mobilities,  Townsend  coef¬ 
ficients,  and  types  of  gases  produced  when  sub¬ 
ject  to  a  discharge  may  also  be  important. 

There  is  evidence  that  the  amount  and  perhaps 
the  type  of  gas  generated  when  the  solid  di¬ 
electric  is  heated  is  important.  It  is  clear 
from  this  discussion  that  the  simple  energy 
argument  proposed  to  explain  the  results  in 
Fig.  2  by  no  means  exhausts  the  subject.  In 
fact  more  questions  have  been  raised  than  ans¬ 
wered.  Nevertheless,  we  believe  that  one  of 
the  major  considerations  with  respect  to  the 
engineering  of  very  high  reliability  capaci¬ 
tors  and  high  voltage  pulse  forming  networks 
has  been  identified. 


Longevity  Tests 

Longevity  testing  of  AC  capacitors  necessarily 
requires  testing  at  high  frequencies.  The 
results  in  Fig.  2  were  obtained  at  60  Hz,  and 
this  frequency  is  much  too  low  for  a  serious 
lifetime  test.  Several  comparison  measurements 
were  carried  out  at  400  Hz  with  the  result  that 
approximately  twice  the  pressure  is  needed  to 
extinguish  the  spark  corona.  This  effect  is 
not  yet  understood,  although  it  may  represent 
nothing  more  than  the  time  for  thermal  relaxa¬ 
tion  after  a  spark  discharge.  During  the 
course  of  these  measurements,  and  the  arrival 
of  some  materials,  it  was  found  that  Kapton 
could  be  use-  ,<i  insulation  without  requiring 
an  additional  paper  film  to  obtain  pressure 
extinguishable  corona.  This  is  relatively 
important  because  the  elimination  of  the  paper 
greatly  simplifies  the  construction  of  full 
scale  units. 
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Having  found  a  second  and  perhaps  more  inter¬ 
esting  case  of  pressure  extinguishable  corona, 
two  longevity  tests  were  undertaken:  one  to 
test  a  Mylar-paper- transformer  oil  system,  and 
the  other  to  test  a  Kapton-Dioctyl  phthalate 
system.  For  both  cases,  3  sheets  of  5  mil 
thick  plastic  insulation  were  used,  the  oper¬ 
ating  frequency  was  400  Hz,  applied  pressure 
was  60  psig,  and  the  voltage  was  14,300  V(rms). 
Also,  in  both  cases  the  applied  pressure  was 
approximately  a  factor  of  two  above  the  corona 
extinguish  pressure.  .Both  tests  were  carried 
beyond  the  goal  of  109  complete  voltage  cycles 
without  dielectric  failure.  Each  test  requir¬ 
ed  about  thirty  days  of  continuous  operation. 

It  should  be  noted  that  the  weak  luminous  glow 
corona  was  present  throughout  the  Mylar-paper- 
transformer  oil  experiment. 


High  Voltage  Pulse  Forming  network 

The  success  of  the  longevity  tests,  in  part¬ 
icular  the  Kapton-Dioctyl  phthalate  results, 
convinced  us  that  it  was  now  worth  the  effort 
to  construct  a  high  repetition  rate  pulse 
forming  network  since  it  appears  that  pressur¬ 
ization  would  be  sufficient  to  achieve  long 
life.  In  addition,  we  have  found  that  rela¬ 
tively  thick  plastic  films  (5  mil  thick  in¬ 
stead  of  perhaps  0.5  mil)  can  be  used;  this 
greatly  simplifies  construction  and  also  re¬ 
duces  the  overall  dielectric  surface  area 
which  seems  to  us  might  avoid  what  could  other¬ 
wise  become  a  very  difficult  cleanliness 
problem. 

The  electrical  design  of  the  pulse  forming 
network  is  that  of  two  Blumleins  arranged  to 
operate  in  parallel  as  shown  in  Fig.  3.  This 
configuration  allows  the  majority  of  the  out¬ 
side  surfaces  of  the  final  package  to  be  at 
ground  potential. 


Figure  3:  Schematic  of  “Twin”  Blumlein 
pulse  forming  network  showing 
electrical  location  of  high 
voltage  switch  and  output. 


The  basic  design  concept  is  to  interdigit  the 
fins  of  commercially  available  aluminum  (air 
cooler)  fin  stock,  so  that  a  corrugated  sand¬ 
wich  of  Kapton  sheets  and  5  mil  thick  aluminum 
foils  can  be  located  between  the  opposing  sets 
of  fins,  resulting  in  the  appropriate  arrange¬ 
ment  of  electrical  surfaces.  The  insulation 
between  each  of  the  electrical  surfaces  is 
three  5  mil  Kapton  sheets  with  degassed 
Dioctyl  phthalate  impregnation.  The  aluminum 
fins,  being  perpendicular  to  their  common  base 
and  penetrating  into  the  pressure  chamber, 
should  provide  exceptional  heat  transfer  to 
the  outside.  Also  the  arrangement  of  fins 
provides  the  mechanical  strength  to  support 
the  operating  pressure  of  100  psig,  even 
though  the  final  package  has  a  relatively 
large  flat  top  and  bottom. 

Figures  4,  5,  and  6,  is  a  sequence  of  photo¬ 
graphs  that  show  this  twin  Blumlein  in  various 
stages  of  assembly.  Fig.  4  shows  (going  from 
left  to  right)  the  injection  molded  metal- 
plastic  outer  casing,  the  lower  fin  stock  with 
the  corrugated  Kapton-aluminum  foil  sandwich 
inserted  into  the  fins,  and  the  bare  upper  fin 
stock.  Fig.  5  shows  the  lower  fin  stock  with 
its  plastic-foil  sandwich  inserted  into  the 
outer  casing.  Fig.  6  is  a  photograph  of  the 
final  package. 


Figure  4:  "Twin"  Blumlein  in  early  stage 
of  assembly. 
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Figure  6:  Completed  Pressurized  “Twin" 

Simula  in  High  Voltage  Pulse 
Forming  Network. 

The  completely  assembled  unit  measures  23%” 
5-3/4"  wide,  and  1-3/4"  thick.  The  electrical 
and  pressure  characteristics  of  this  PFN  are: 

Operating  Voltage  - - —  Op  to  30  kV  so  far 

Operating  Pressure  -  100  psig 

Total  Capacitance  -  50  nF  (measured) 

Output  Capacitance  -  12. S  nF  (measured) 

Switch  Side  Inductance  -  < 1  nH  (calculated) 

Output  impedance  - - —  —0.3  (calculated) 

Ultimate  Lifetime  — -  Not  Known 

Heat  Transfer  Rates  -  Not  Known 

Unit  has  been  operated  in  thyratron  and 
spark  gap  switched  laser  plasma  circuits. 


Summary 

This  paper  has  described  a  still  incomplete 
research  program  intended  toward  the  develop¬ 
ment  of  industrial  quality  high  voltage  pulse 
forming  networks  and  pulsed  capacitors.  The 
basic  objectives  are  good  reliability  (that  is 
10io  to  1012  cycles  before  failure) ,  low  in¬ 
ductance  (<1  nH)  ,  low  output  impedance  (0.5 
or  less) ,  high  heat  transfer  characteristics 
to  accommodate  high  repetition  rates,  single 
unit  packaging  with  serviceability,  and  reas¬ 
onable  cost.  Our  investigation  of  the  pres¬ 
sure  quenching  of  the  internal  corona  that 
occurs  in  typical  PFN  structures  prompted  us 
to  construct  a  prototype  pressurized  "Twin" 
Blumlein  PFN  in  order  to  demonstrate  the  pos¬ 
sibility  of  meeting  the  above  requirements. 

The  prototype  PFN  appears  to  have  been  succes¬ 
sful,  although  testing  has  not  been  completed, 
and  more  materials  questions  have  been  raised 
than  answered. 


1)  The  reason  for  our  selection  of  Dioctyl 
phthalate  along  with  many  other  helpful  ideas 
can  be  found  in:  Hughes  Aircraft  Company 
TECHNICAL  REPORT  AFAPL-TR-77-40 ,  December  1976, 
Robert  D.  Parker. 
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DEVELOPMENT  OF  SOLID  DIELECTRIC  ENERGY  STORAGE  LINES* 


Roger  G.  Little  and  Ward  Halvaraon 
Spire  Corporation 
Bedford,  Massachusetts  01730 


Summary 

Materials  and  techniques  for  the  design  and 
construction  of  solid  dielectric  energy  storage  lines  are 
reviewed,  and  the  development  of  a  9-ohm  line  capable  of 
highly  repeatable,  nearly  square  200-kV  pulses  is  described. 


Introduction 

Energy  storage  in  d.c.-charged,  solid  dielectric  lines  is 
attractive  in  many  applications  where  highly  reproducible, 
submicroaecond  pulses  are  required.  A  single  spark  switch 
can  discharge  a  charged  line  into  a  matched  load  to 
produce  nearly  "square"  pulses  with  very  short  rise  and  fall 
times  and  no  prepulse.  Several  lines  can  be  stacked  and 
triggered  simultaneously  or  sequentially  with  very  little 
jitter. 

Spire  Corporation  recently  undertook  the  development 
of  d.c. -charged  dielectric  lines  to  form  200-kV  pulses  with 
a  risetime  of  less  than  IS  ns  and  a  deration  of  40  ns.  A 
cylindrical  line  with  9-ohm  impedance,  charged  to  400  kV 
and  discharged  into  a  matched  load,  was  designed  to  satisfy 
these  requirements.  Figure  1  is  a  conceptual  diagram  of 
the  solid  dielectric  line,  trigatron  spark  switch,  and 
field-emission  diode  to  produce  a  high -power  pulsed 
electron  beam.  The  energy  store  can  be  d.e.-  or 
pulse-charged  through  the  high-voltage  termination  at  the 
end  of  the  line. 


Figure  1.  Solid  Dielectric  Line  Driving  Field- 
Emission  Diode 


In  addition  to  the  electrical  specifications,  a  minimum 
lifetime  of  1000  pulses  at  full  charging  voltage  was  sat  for 
the  charge  store.  The  physical  design  of  a  solid  dialectric 
line  and  the  choice  of  dielectric  material  are  probably  the 
matt  important  considerations  for  achieving  long  lifetime 
and  good  holdoff  from  flaahovar  at  high-volUge 
terminations.  Requirements  for  the  dielectric  material 
included  high  intrinsic  breakdown  strength,  a  relatively  flat 
dielectric  constant  and  dfcsipetion  factor  at  high 
frequencies,  good  resistance  to  surface  flaahover,  and  ease 
of  handling  and  forming  into  the  configuration  of  a  coaxial 
transmission  Una.  In  this  paper  wa  discuss  the  techniques 
which  ultimately  produced  a  9-ohm  solid  dielectric  energy 
store  line  which  achieved  or  surpassed  all  the  Initial  design 
goals. 


•Work  Reported  in  part  by  Defense  Nuclear  Agency. 


Lifetime  of  Pulsed  Dielectrics 

The  lifetime  of  a  dielectric  material  periodically 
stressed  by  pulsed  or  static  electric  fields  depends  on 
several  factors.  The  principal  ones  are  the  maximum 
working  electric  field  and  the  waveform  of  the  pulse 
imposed  on  the  material.  Additionally,  tha  volume  of 
stressed  material  enters  weakly  |n  the  ultimate  breakdown 
strength  of  a  given  sample/1-'  These  effects  can  be 
expressed  as  a  simple,  semiempirical  formula, 

L  “(d/715)  <*> 


where  L  is  the  shot  lifetime,  Kj  is  the  intrinsic  dielectric 
strength  of  1  cm3  of  material,  Emax  is  the  maximum 
working  electric  field,  V  is  the  volume  of  stressed  material 
in,  cubic  centimeters,  and  the  exponent,  n,  is  typically  7  to 
8.(1,2) 

It  is  evident  from  Equation  (1)  that  the  choice  of 
materials  with  high  dielectric  strength  and  careful  design 
to  reduce  enhanced  field  regions  are  imperative  for  long 
lifetime.  Furthermore,  high  temperatures  and  irradiation 
by  ultraviolet  or  x-rays  must  be  minimized  because  of  their 
known  tendencies  to  reduce  the  breakdown  strength  of 
dielectrics/21 

A  number  of  materials  were  tested  for  use  as  the 
dielectric  in  the  energy  storage  line.  Small-sample 
measurements  of  the  do.  dielectric  strength  of  the 
materials  were  performed  in  a  high-voltage  testing 
facility.  Polyurethanes  and  epoxies  were  cast  around 
shaped  electrodes  spaced  by  a  known  distance,  and  sheet 
materials  were  compressed  between  similar  electrode*  in 
an  oil  bath. 

Table  1  shows  the  materials  tested,  the  expected 
intrinsic  dielectric  strength  from  manufacturers' 
specifications  (when  available),  and  the  results  of  the 
small-sample  tests  conducted  by  Spire.  The  values 
indicated  by  the  "greater-then"  symbols  represent  the 
voltage  limit  which  could  be  placed  between  the  electrodes 
of  the  test  fixtures.  Time  limitations  of  the  development 
program  precluded  retesting  the  cast  materials  with 
smaller  spacing  between  the  electrodes.  It  appeared  from 
the  small-scale  tests  that  the  most  promising  materials  for 
the  line  were  polyurethane.  Mylar,  and  epoxies. 


Design  Considerations 

An  engineering  analysis  of  the  requirements  of  the 
pulser  showed  that  a  9-  to  10-ohm  line  discharging  into  a 
matched  field-emission  diode  gave  the  best  performance 
for  the  system.  A  coaxial  geometry  with  a  9-ohm  wave 
impedance  and  a  round-trip  travel  time  of  40  ns  was 
selected  for  the  line.  The  line  was  designed  to  be  charged 
by  a  small  Van  da  Graaff  generator  connected  through  a 
probe  to  the  center  conductor,  although  a  high-voltage 
electronic  power  supply  could  also  be  used  for  charging. 

The  9-ohm  Une  was  designed  with  an  outer  diameter  of 
12.7  cm  and  an  inner  cylindrical  conductor  of  9. 7 -cm 
diameter.  At  a  charging  voltage  of  400  kV,  tha  maximum 
electric  field  on  the  dielectric  was  300  kV/cm. 

Equation  (1)  predicts  a  lifetime  greater  than  10,000 
pulses  for  s  material  with  an  intrinsic  dielectric  strength  of 
3  MV/cm.  This  expected  lifetime  was  consider  ably  greater 
than  the  nominal  1000  shot*  required  for  the  application. 
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TABLE  1.  DIELECTRIC  STRENGTHS  OF  MATERIALS 
CONSIDERED  FOR  9-ohm  LINE 


Expected 

Measured 

Material 

Value 

Value 

(MV/cm) 

(MV/em) 

Lucite 

(Polymethyl¬ 

methacrylate) 

3.3 

2.8 

Mylar 

(Polyethylene 

terephthalate) 

3.6 

3.4 

Polyuretljane 

3.0 

1.1 

UEP^j 

— 

3.0 

EfDS&>  5009 

1.4 

E&C<4>  Stycast  2850 

3.2 

1.8 

E*C  Stycast  1264 

2.9 

3.0 

Notes: 

(1)  Urethane  Systems,  Inc.,  Stockton,  California 

(2)  Urethane  Engineering  Products,  Inc.,  Johnston,  Rhode 
Island 

(3)  Dielectric  Sciences,  Inc.,  Woburn,  Massachusetts 

(4)  Emerson  and  Cuming,  Inc.,  Canton,  Massachusetts 


The  high-voltage  termination  at  the  diode  end  of  the 
line  was  designed  to  be  part  of  a  trigatron  spark  switch. 
The  interface  region  where  the  high-voltage  termination, 
the  dielectric  material,  and  the  insulating  gas  around  the 
switch  all  meet  is  a  "triple-point";  triple-points  are  well 
known  to  suffer  from  flaj hover  and  volume  breakdown. 
Furthermore,  ultraviolet  radiation,  charged  particles,  and 
highly  reactive  chemical  compounds  are  generated  in  the 
nearby  spark  switch. 

The  design  of  the  switching  termination  of  the  line  was 
aided  by  a  computer  calculation  of  the  electric  field 
distribution  in  Uie  critical  region  of  the  triple-point.  The 
code  FFEARS'3'  was  used  to  generate  the  potential  plot 
shown  in  Figure  2.  An  important  result  of  the  analysis  was 
the  design  of  the  wedge-shaped  dielectric  extension  which 
partially  covers  the  high-voi’Age  termination.  This  design 
greatly  reduces  the  potential  gradient  in  the  triple-point 
area;  later  testing  confirmed  that  dielectric  failures  were 
virtually  eliminated  in  this  region. 


ovTf»  cmouciw  v-o 


Figure  2.  FFEARS  Analysis  of  Region  of  High-Voltage 
Termination  and  Spark  Switch 


Construction  and  Testing  Program 

Mid-scale  lines,  with  lengths  of  120  cm  and  diameters 
approximately  the  same  as  the  full-scale  lines,  were 
fabricated  of  the  most  promising  dielectric  materials. 
Polyurethane  and  epoxies  were  cast  and  Mylar  sheet  was 
wrapped  around  cylindrical  center  conductors.  The  outer 
cylindrical  electrode  of  the  lines  was  formed  by  metallic 
paint.  A  Lucite  line  was  made  by  painting  a  metallic  layer 
over  the  inside  and  outside  of  prefabricated  tubing  obtained 
commercially.  The  end  triple-points  at  the  high-voltage 
terminations  were  molded  with  epoxy  to  reduce  the 
electric  field  in  these  regions. 

The  mid-scale  lines  were  charged  by  a  Van  da  Graaff 
generator  and  discharged  into  an  8-ohm  dummy  load.  The 
charging  characteristics,  discharge  waveshape,  and 
tendency  to  develop  corona  discharges  and  flashovar  were 
evaluated  in  these  tests. 

Two  types  of  dielectric  failure  became  evident  in  the 
testing  of  mid-scale  lines.  First,  volume  punctures 
developed  in  the  cylindrical  dielectric  material  between 
the  inner  and  outer  conductors  of  the  charged  line  and 
other  regions  of  high  stress.  These  breakdowns  occurred 
during  both  charging  and  pulsing  of  the  line.  The  punctures 
had  characteristic  multiple  breakdown  channels  in  a 
tree-like  pattern.  The  second  type  of  failure  was  located 
in  the  switch  region  and  occurred  after  several  discharges 
through  the  spark  switch.  The  breakdown  channel  was  a 
direct  puncture  to  the  ground  plane  and  was  usually 
displaced  several  centimeters  from  the  switch  termination. 

The  first  type  of  failure  occurred  only  in  the  materials 
which  showed  low  intrinsic  dielectric  strength  in  small 
sample  testing.  The  second  type,  which  was  always  within 
the  line-of-sight  of  the  spark  switch,  may  have  been 
initiated  by  surface  flashover  and  damage  from  the 
products  of  the  spark.  We  found  that  both  types  of 
punctures  in  cast  dielectrics  and  Lucita  could  be 
successfully  repaired  with  high-dielectric-strength  epoxy. 

Full-scale  lines  of  365-cm  length  were  fabricated  of 
polyurethane,  Lucite,  and  Stycast  1264  and  2860  epoxies. 
The  lines  were  pressurized  in  dielectric  gas  in  a  vessel 
which  also  contained  a  Van  de  Graaff  generator  for 
charging  and  a  copper  sulfate  resistor  as  a  dummy  load. 
The  lines  were  repetitively  charged  and  discharged,  and  the 
voltage  and  current  waveshapes  of  the  discharge  were 
monitored  on  high-speed  oscilloscopes. 

The  results  of  testing  the  full-scale  lines  were  very 
similar  to  those  of  the  mid-scale  lines.  The  polyurethane 
line  developed  volume  punctures  in  the  cylindrical  body  of 
the  dielectric.  The  higher  strength  Lucite  and  Stycast  2850 
punctured  in  the  switch  region  after  several  shots, 
including  a  number  of  flashovers  of  the  high-voltage 
terminations.  The  Stycast  1264  epoxy,  on  the  other  hand, 
showed  excellent  resistance  to  surface  flashover,  and  the 
full-scale  line  cast  of  this  material  successfully  completed 
a  IOOC  shot  lifetime  test  at  full  charging  voltage  with  no 
apparent  change  in  the  electrical  characteristics  of  the 
output  pulses.  A  10  percent  -  90  percent  risetime  of  IS  ns 
and  a  pulsewidth  of  46  ns  (FWHM)  are  typical  of  the  output 
pulse. 


Applications 

Since  the  completion  of  the  development  program  of 
the  solid  dielectric  energy  store,  the  9-ohm  line  has  been 
used  routinely  to  *ive  a  field-emission  diode  which 
produces  a  high -power  pulsed  electron  beam.  The  beam  has 
been  used  to  generate  x-ray  bremsstrahlung,  to  study 
electron  beam  propagation,  and  to  pulse  anneal  ion 
implantation  damage  in  semiconductors.  The  line  has  been 
charged  and  discharged  more  than  6000  times  without 
failure;  mast  of  this  operation  has  been  at  the  full  charging 
potential  of  400  kV.  Figure  3  is  a  photograph  of  the 


Figure  3.  SPI-PULSE  800  Electron  Accelerator 
Driven  by  9-ohm  Solid  Dielectric  Line 


high-voltage  (Miser,  designated  SPI-PULSE  600,  in  which 
the  9-ohm  line  is  the  energy  store.  In  this  pulser,  the  line 
and  its  Van  de  Graaff  generator  (at  left)  are  housed  in  a 
100-psi  pressure  vessel  for  the  insulating  gas  used  to 
suppress  corona  and  fids  hover.  The  diode  assembly  is 
located  in  a  vacuum  housing  (at  right),  which  is  an 
extension  of  the  pressure  vessel. 

Spire  is  using  the  same  dielectric  materials  and 
fabrication  techniques  to  build  other  types  of  energy 
storage  lines  for  pulsed  electron  beams.  Figure  4  is  a 
photograph  of  the  solid  dielectric  energy  store  of  the 
SPI-PULSE  300  pulser  designed  for  semiconductor 
processing.  This  line,  when  charged  to  its  normal  operating 
potential  of  100  kV,  will  have  an  almost  unlimited  lifetime 
because  of  the  high  strength  and  good  resistance  to  surface 
fl  as  hover  of  the  solid  dielectric  material  used  for  its 
construction. 


We  believe  that  there  are  many  other  applications  for 
solid  dielectric  energy  storage  lines  where  inherent 
simplicity,  reliability,  and  ease  of  maintenance  in  a  large 
system  are  important  considerations.  Laser  clivers,  pulsed 
x-ray  generators,  and  pulse  generators  for  particle  beam 
fusion  are  only  a  few  of  the  possible  applications  for  this 
technology. 
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Abstract 

This  paper  reports  the  final  results  of  an  explora¬ 
tory  development  program  for  capacitors  for  use  as 
energy  stores  with  a  high  rate  of  power  transfer. 
(Previous  reports  have  detailed  the  advances  made 
with  improved  winding  techniques  and  constructions.  ) 
It  was  found  that  very  lightweight  cases  were  easily 
built  but  very  delicate,  and  that  the  overall  weight  of 
a  capacitor  is  more  sensitive  to  encasement  details 
than  has  been  previously  thought;  detailed  examples 
are  given.  A  flame  treatment  process  to  smooth  foil 
edges  resulted  in  a  5  to  10  percent  improvement  in 
capacitor  CIV.  Two  promising  techniques  for  ter¬ 
minating  extended  foil  sections  were  developed; 
electron-beam  welding  in  this  application  was  the  sub¬ 
ject  of  a  patent  filing.  Tests  of  two  types  of  15  kV 
components  in  a  PFN  simulator  at  150  to  300  pps, 
burst  duty,  demonstrated  energy  densities  between 
21j/lb  and  77J/lb  for  the  finished  capacitors.  Tests 
in  a  full  6  section  type  E  PFN  (20  ps)  confirmed 
these  values,  and  in  addition  provided  temperature 
rise  data.  Over  270,000  shots  were  run  with  no 
failures. 

Introduction 


survival  of  the  capacitors  used  in  the  PFN.  For  this 
reason,  and  also  to  ensure  the  desired  pulse  shape  !2 
it  is  useful  to  analyze  the  electrical  conditions  to 
which  each  capacitor  is  subject. 


Specification 


One  unusual  feature  of  this  program  was  that  the 
capacitors  were  to  be  developed  and  tested  to  one  set 
of  specifications,  and  then  assembled  into  PFNs  and 
tested  to  a  slightly  different  set  of  specifications. 

The  capacitor  specifications  were: 


Voltage: 

Pulse  Width: 

Pulse  Rate: 

Pulse  Train  Length: 

Time  Between  Pulse  Trains: 
Life: 

%  Voltage  Reversal: 
while  the  PFN  specifications  were: 


15  kV 
20  ps 
300/s 
2  x  10* 

2h 

10*>  pulse 
20 


For  a  long  time  it  has  been  suspected  that  the 
presence  of  folds,  wrinkles,  tears,  and  globs  of 
impurities  is  deleterious  to  the  reliability,  life,  and 
energy  density  of  energy  storage  capacitors1. 

Studies  of  specific  insulation  systems  have  proved  the 
role  of  water2  and  low  resistivity  dielectric  fluid3  in 
some  types  of  failures.  There  have  been  research 
studies  on  new  polymeric  insulating  materials4,  and 
on  the  properties  of  one  or  another  of  the  constituents 
of  commonly  used  systems8'8.  However,  there  is 
very  little  published  work  on  detailed  efforts  to  design 
and  produce  improved  capacitors'!,  the  majority  of 
the  work  describing  test  results  and  giving  only  the 
vaguest  allusion  to  changes  in  materials  or  construc¬ 
tion  details  which  contribute  to  the  reported  improved 
test  results8. 

The  hypothesis  which  was  tested  in  the  preliminary 
phase  of  the  program  described  in  this  paper  was  that 
improvements  in  reliability,  life,  and  energy  density 
could  be  made  with  existing  materials  simply  by  mak¬ 
ing  the  capacitor  structure  physically  more  perfect 
F rom  this  hypothesis  came  the  technique  of  winding 
capacitor  sections  in  an  already-flattened  configura¬ 
tion  using  tension  control  of  each  web,  the  use  of 
highly  purified  dielectric  fluids,  and  the  use  of  com¬ 
puter  analyses  to  determine  capacitor  performance 
at  the  operating  point 

This  paper  reports  the  final  phase  of  this  capacitor 
development  program.  New  techniques  were  tried  in 
case  construction,  foil  edge  modification,  and  ex¬ 
tended  foil  termination.  Three  different  types  of 
component  were  designed,  fabricated,  and  tested  both 
in  and  out  of  an  actual  PFN. 

PFN  Environment 

It  has  been  previously  shown  *  *  that  the  details  of 
PFN  construction  at  well  as  the  exact  circuit  in  which 
the  PFN  is  employed  have  a  profound  effect  on  the 


Type: 

Number  of  Sections: 

Voltage: 

Stored  Energy: 

Pulse  Shape: 

Pulse  Width: 

Pulse  Rate: 

Pulse  Train  Length: 

Time  Between  Pulse  Trains: 


E 

6 

15  kV 
1.  5  x  103J 
Rectangular 
20  p  s 
300/s  „ 

2  x  104 
2h 


It  quickly  is  apparent  that  the  PFN  specification  im¬ 
poses  much  more  difficult  conditions  on  the  capaci¬ 
tors  in  terms  of  peak  current  (and  therefore  power 
dissipation)  because  of  the  pulse  width.  The  capaci¬ 
tors  themselves  were  to  work  at  a  20  pa  pulse  width; 
in  the  PFN,  they  must  produce  a  pair  of  pulses  about 
1 .  5  ps  wide. 


Computer  Modelling 

The  capacitor  current  waveform  for  both  charge 
and  discharge  was  modelled  on  a  computer,  so  that 
the  constituent  frequency  components  could  be  found. 
These  were  used  to  calculate  total  power  loss  in  the 
capacitors,  since  it  was  possible  to  measure  the 
equivalent  series  resistance  (ESR)  as  a  function  of 
frequency.  The  values  found  are  given  in  Table  I  for 
a  20  ps  wide  current  pulse  for  each  capacitor,  and  in 
Table  II  for  a  capacitor  in  a  6- section  20  ps  PFN.  A 
check  was  made  on  the  computer  analysis  by  com¬ 
paring  computer-generated  current  waveforms,  as  in 
Figure  1,  with  actual  waveforms  measured  from  low 
voltage  model  PFNs.  Notice  in  the  tables  the  unsur¬ 
prising  result  that  the  power  loss  for  the  short  pulse 
is  several  times  larger  than  for  the  long  pulse. 

Power  loss  depends  on  the  square  of  the  RMS  current 
which  is  clearly  larger  for  the  short  pulse. 


"supported  by  the  U. S.  Air  Force  Aero  Propulsion  Laboratory  under  Contract  F33615-75-C-2021. 
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Table  I.  Capacitor  Current  Spectrum 
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Table  II.  Capacitor  Current  Spectrum 
20  pi  PFN  Output 
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Figure  1.  20  ps  PFN,  Capacitor  Current  Waveform 


The  ESR  of  capacitor  sections  of  varioue  type* 
was  laboriously  measured,  using  several  different 
apparatuses  at  different  points  in  the  frequency 
spectrum.  This  data  is  displayed  in  Figure  2, 
plotted  together  with  the  squares  of  the  currents  from 
Tables  I  and  IL  This  gives  a  visual  idea  of  the 
expected  power  dissipation,  since  it  is  simply  the 
product  x  ESR. 


were  reduced,  it  might  then  be  possible  to  operate 
the  components  at  higher  energy  density.  Some  pre¬ 
liminary  worV  had  been  conducted  15,  an  extension 
of  which  is  reported  here. 

A  typical  sheared  edge  of  a  6  pm  A1  capacitor  foil 
is  shown  in  Figure  3,  in  a  scanning  electron  micro¬ 
graph  (SE M).  All  experiments  were  performed  on 
this  type  of  foil.  Testing  consisted  of  edge  treat¬ 
ment,  SEM  examination,  and  corona  inception  mea¬ 
surement  in  an  oil-filled  two  plate  capacitor  designed 
to  provide  maximum  electrical  stress  at  the  treatea 
foil  edge. 


Figure  2.  ESR  and  Harmonic  Discharge  Current 
Foil  Edge  Investigation 

it  has  been  previously  suggested  that  it  might  be 
possible  to  reduce  failures  at  capacitor  foil  edges  by 
smoothing  off  the  rough  projections.  If  the  failures 


Figure  3. 


Sheared  Capacitor  Foil  Edge 
as  Received 


Four  different  processes  were  evaluated;  laser 
cutting,  spark  erosion  treatment,  fine  grit  blasting, 
and  flame  treatment.  Of  these,  the  spark  cutting 
and  flame  treatment  were  the  most  successful. 

Spark  Erosion  Treatment 

Spark  erosion  cutting  was  done  on  a  Charmille 
machine.  This  machine  is  used  for  removal  of 
broken  taps  and  machining  of  precision  parts  such 
as  apertures  and  blind  grooves.  A  matrix  of  cutting 
parameters  was  established.  The  control  param¬ 
eters  which  influence  edge  shape  were  cutting  tool 
feed  rate  and  spark  energy. 

Additional  tests  were  performed  on  multiple 
pieces  of  foil  stacked  up.  Particulate  contamination 
was  excessive  near  the  cut  edge.  This  contamina¬ 
tion  naturally  was  minimized  on  the  stacked  material. 
Cutting  of  this  type  would  not  be  recommended  on  the 
winding  machine  because  of  the  creation  of  particulate 
contamination  by  the  process.  Rolls  of  material 
could  be  pretreated  by  spark  erosion  machining  of 
the  entire  roll  of  foil.  To  efficiently  do  this,  the 
foil  should  be  supplied  on  an  aluminum  core  rather 
than  the  usual  cardboard  core. 

Flame  Treatment 

It  was  speculated  that  a  torch  flame  could  be  used 
to  remelt  the  foil  edge  to  eliminate  the  sharp  points. 
Initial  teats  produced  non-local  heating  and  distor¬ 
tion  because  aluminum  is  such  a  good  heat  conductor. 
Laying  the  foil  on  cooled  surface  solved  that  problem. 
A  propane  torch  which  had  a  poor  flame  control  was 
used.  However,  it  was  expected  that  the  rounding 
could  be  observed  using  this  torch  and,  if  the  tech- 
niaue  had  any  validity,  finer  methods  of  control  of 
the  torch  would  be  evaluated.  The  concept  of  a  large 
heat  sink  in  contact  with  the  foil  worked  so  well  that 
further  work  on  better  torches  was  unnecessary. 

The  basic  conclusion  was  that  large  variations  in 
flame  distance  and  size  will  burn  off  or  remelt  the 
edge  of  the  foil  away  from  the  heat  sink  and  stop  its 
action  where  the  aluminum  foil  is  well  heat  sinked. 

It  is  expected  that  a  heated  air  jet  would  behave 
equally  well,  although  this  was  not  checked.  A 
typical  edge  is  shown  in  Figure  4. 


A  torch  treatment  method  would  be  very  easy  to 
build  into  a  conventional  capacitor  winder.  A  water 
cooled  metal  roller  would  be  necessary  in  the  treat¬ 
ment  area. 

Corona  Testing 

A  simple  fixture  employing  a  five-layer  insulation 
of  alternate  layers  of  0.  3  mil  kraft  and  32  gauge 
polysulfone  was  used.  The  fixture  was  placed  in  a 
pyrex  dish  and  vacuum  baked  at  105°C  for  one  hour 
at  30  to  50  microns  pressure.  It  was  then  filled  with 
processed  mineral  oil  while  in  the  vacuum  chamber. 
The  filling  was  done  over  a  l/2  hour  period.  Each 
fixture  filling  had  a  number  of  preprepared  sample 
stacks  consisting  of  insulation  and  aluminum  foil 
under  the  oil  surface.  These  were  positioned  as 
shown  using  tweezers.  The  samples  were  not  moved 
above  the  oil  surface  during  positioning  so  no  air 
bubbles  were  trapped. 

The  corona  inception  voltage  (CIV)  of  each  speci¬ 
men  was  measured.  It  was  found  that  each  of  the 
tested  treatments  unproved  the  CIV  over  untreated 
foil,  the  improvement  being  in  the  5  to  10  percent 
range. 

Case  Weight  Minimization 

In  a  conventional  capacitor  of  the  size  considered 
on  this  program,  the  case,  case  insulation,  and 
terminal  are  an  appreciable  fraction  of  the  total 
capacitor  weight.  This  is  illustrated  vividly  in 
Table  HI.  Therefore,  the  development  of  two  dif¬ 
ferent  types  of  lightweight  case,  metal  and  plastic, 
was  undertaken.  Because  of  the  exploratory  nature 
of  this  program,  and  because  the  exact  intended  con¬ 
ditions  of  use  are  not  known  and  are  presumed  to  be 
changing,  little  consideration  of  the  operating  environ¬ 
ment  was  given.  For  example,  the  stainless  steel 
encased  units  are  very  light  and  hermetically  sealed, 
but  they  break  if  dropped  and  probably  would  not 
function  well  in  a  variable  pressure  environment  un¬ 
less  the  sides  were  stiffened. 


Table  IH.  Weight  of  Capacitor  Parts, 
Standard  Unit 


U*m 

w*l|ht  (kg/lb) 

2*3  pad  buadtti 

2.63/5.79 

Caao  ind  terminal 

9.5/2.  1 

Epoxy  board 

0.  29/0,64 

Ca««  inaolatioa 

0.  25/0,  56 

Oil 

1.09/2.4 

Total 

5.22/11.5 

Metal  Cases 

It  was  decided  to  design  and  fabricate  as  light  a 
metal  case  as  was  possible  to  assemble.  The  capaci¬ 
tor  chosen  for  assembly  into  the  case  was  a  very 
lightweight  250J  unit.  The  case  itself  is  made  of 
5  mil  stainless  steel  sheet.  It  is  carefully  folded  into 
shape  and  spot  welded  to  hold  it  together.  The  seams 
are  then  soldered;  the  soldering  is  facilitated  by  a 
0.  3  mil  tin  plating.  Soldering  was  chosen  over  braz¬ 
ing  because  of  the  ease  of  assembly.  The  fill-port 
and  ground  posts  are  also  made  lighter  than  those 
usually  used.  The  entire  case  without  bushing  weighs 
75g.  A  completed  capacitor  using  this  case  is  shown 
in  Figure  5. 
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Figure  5.  Very  Lightweight  Energy 
Storage  Capacitor 


A  much  larger  design  was  then  attempted,  to 
house  a  500  joule  (1.1  p.f"  30  kV)  capacitor.  A  scaled 
up  version  of  the  previous  design,  this  case  also  had 
a  larger  fill  port  and  only  one  ground  post. 

Both  cases  were  moderately  difficult  to  assemble, 
because  of  the  care  required  in  soldering  the  seams 
and  handling  the  flimsy  cans  before  the  capacitors 
were  assembled  into  them.  The  smaller  case  con¬ 
tained  the  capacitors  well  during  testing,  but  the 
larger  case  failed  catastrophically  in  two  instances. 
Standard  ceramic  bushings  were  used  for  both  cases. 
However,  for  airborne  operation  high  voltage  con¬ 
nectors  could  be  used,  saving  approximately  30  per¬ 
cent  of  the  bushing  weight  of  57g. 

Plastic  Cases 

Three  fiberglass  containers  were  designed  and 
fabricated,  to  test  their  use  as  capacitor  cases. 

Cases  of  this  type  have  3  main  advantages:  light 
weight,  high  strength,  and  built-in  high  voltage 
terminals.  Plastic  cases  are  not,  however,  con¬ 
sidered  hermetic,  and  therefore  have  not  been  con¬ 
sidered  for  airborne  use. 

The  case  size  chosen  was  5.  48  x  7.  1  3  x  5.  0  inches, 
with  0.  875  inch  corner  radius  and  0.  05  inch  wall 
thickness.  The  containers  were  formed  of  6  layers 
of  epoxy-glass  prepreg,  using  a  metal  tool  and  the 
standard  vacuum  bagging  technique.  A  flat  lid  was 
used,  and  the  high  voltage  connectors  consisted  of 
studs  molded  into  the  lid. 

One  case  was  used  for  a  distension  test.  It  was 
found  that  a  pressure  difference  of  5  psig  produced 
distension  sufficient  to  accommodate  the  volume 
change  expected  from  a  capacitor  assembly  over  the 
range  -50°C  to  +90°C.  The  strength  of  the  container 
was  substantially  in  excess  of  10  psig. 

Another  case  was  used  for  electrical  testing.  A 
10  section  3  pF  capacitor  was  assembled  into  it,  and 
oil  impregnated.  Electrical  tests  revealed  no  prob¬ 
lems  with  the  terminations.  However,  temperature 
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cycling  revealed  a  slight  oil  seepage  through  the 
resin/ glass  composite.  It  was  concluded  that  this 
effect  could  be  eliminated  with  a  gel  coat  applied  to 
the  interior  of  the  case. 

Extended  Foil  Termination 

Conventional  tab-type  terminations  work  well  in 
PFNs  with  pulse  widths  above  20  p.s ,  but  detailed 
analyses  show  that  an  extended  foil  construction  is 
necessary  to  achieve  a  low  ESR  if  the  pulse  width  is 
10  -ps  or  below.  Required  inductance  should  not  in¬ 
fluence  termination  choice,  as  it  has  been  shown  that 
very  low  inductance  tab-type  constructions  are 
possible  14. 

Selection  of  Techniques 

As  customarily  practiced  in  the  capacitor  manu¬ 
facturing  industry,  an  extended  foil  termination  is 
made  by  smearing  solder  on  the  foil  protruding  from 
the  end  of  the  section.  This  technique  is  at  best  un¬ 
controlled  and  subject  to  wide  variation  in  contact 
resistance  and  therefore  failure  rate.  Therefore, 
other  methods  not  usually  applied  to  extended-foil 
terminations  where  foil  is  used  were  investigated  as 
well. 

Four  techniques  were  examined: 

e  Commercial  soldering. 

e  Oxy-acetylene  welding  in  nitrogen. 

•  Flame-spray  of  metal. 

•  Electron  beam  welded  strips. 

The  commercial  technique  was  investigated  to  deter¬ 
mine  if  the  process  could  be  made  well  controlled 
and  repeatable.  The  oxy-acetylene  welding  was  tried 
to  see  if  a  carefully  controlled  bead  could  be  obtained. 
The  flame  spray  technique  is  customarily  used  on 
commercial  metallized  film  capacitors,  and  Hughes 
had  recently  developed  techniques  to  produce  uniform 
repeatable  low  resistance  terminations.  The  electron 
beam  welding  was  the  technique  throught  to  have  the 
most  promise,  inasmuch  as  it  can  be  very  precisely 
controlled. 

Contact  Resistance  Tests 

In  order  to  test  the  efficacy  of  various  techniques, 
test  specimens  for  the  measurement  of  contact  re¬ 
sistance  were  made.  Both  the  commercial  solder 
technique  and  the  gas  welding  produced  sloppy,  poorly 
controlled  joints  which  were  obviously  high  in  con¬ 
ductive  particle  residue.  Some  problems  with  the 
solder  wetting  the  foil  were  encountered.  However, 
an  aluminum  solder! 5  was  not  tried,  because  of  an 
esthetic  reluctance  to  use  the  necessary  extremely 
corrosive  flux. 

For  the  flame  spray  tests,  two  different  materials 
were  used  in  the  spray: 

e  Babbitt  only 

e  Aluminum  with  babbitt  on  the  top. 

For  the  electron  beam  work,  straps  0.016  inch 
(0.  04  cm)  of  alloy  2024  were  welded  to  the  sample 
ends.  Samples  of  both  flame  spray  types  and  the 
electron  beam  weld  were  temperature  cycled.  The 
DC  contact  resistance  of  all  specimens  was  accept¬ 
ably  low,  and  no  changes  were  observed  after  tem¬ 
perature  cycling.  Microsectioning  revealed  tome 
particulate  penetration  for  the  flame  spray,  and  a 
very  clean  electron  beam  termination. 
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Pulse  Testing 

Capacitor  sections  terminated  with  flame  spray 
nd  with  electron-beam  welding  were  assembled  and 
pulse  tested.  The  sections  were  2.2  p.F,  7.  5  kV 
nominal,  similar  to  the  sections  used  in  the  15  kV 
capacitors.  Tests  revealed  satisfactory  flame-spray 
performance,  but  the  electron-beam  units  failed. 
Dissection  showed  that  the  welding  had  slit  the  insula¬ 
tion,  a  problem  which  could  be  solved  by  closer 
process  control.  A  patent  application  has  been  filed 
on  the  electron  beam  technique. 

Conclus  ions 

The  really  intriguing  development  uncovered  in 
this  work  is  the  use  of  electron  beam  welding  to  ter¬ 
minate  extended  foil  capacitors.  The  connections 
were  very  good,  but  further  process  development 
would  be  necessary  to  eliminate  the  dielectric  cutting 
observed  in  these  specimens.  The  termination  is 
mechanically  fragile,  but  very  clean. 

The  flame-sprayed  babbitt  terminations  are  accept¬ 
able  and  uniform,  but  have  an  inherent  problem  with 
particulate  contamination. 

Complete  Capacitors 

Two  of  the  types  of  capacitors  that  were  fabricated 
and  tested  have  been  briefly  described  elsewhere 
and  are  described  in  this  section.  These  components 
were  designed  for  high  repetition  rate  operation,  and 
differ  in  the  impregnant,  the  electrical  stress,  and 
the  energy  density. 

The  heavier  of  the  two  components  was  designed 
irectly  from  the  results  of  the  pad  tests,  and  was 
placed  in  a  conservative,  well-constructed  metal  box 
such  as  is  normally  used  on  military-type  components 
of  that  size.  The  lighter  component  utilized  a  differ¬ 
ent  impregnant  and  field  balance,  and  was  encased  in 
a  very  lightweight  stainless  steel  case,  which  was  de¬ 
signed  as  part  of  the  case  weight  minimization  study. 
Basic  constructions  are  given  in  Table  IV.  The  third 
capacitor  type  was  a  higher  energy  extended  foil  ver¬ 
sion  of  the  lightweight  component;  its  fabrication  and 
test  are  described  elsewhere  . 


Table  fV.  Capacitor  Construction  Details 


Standard 

Lightweight 

Stored  Energy 

250  J 

250  J 

No.  Sections-Series 

3 

2 

No.  Strings -Parallel 

2 

2 

Dielectric  Fluid 

Mineral  oil 

DOP 

No'.  Dielectric  Layers 

5 

5 

Margins 

0.  375 

0.  25 

Termination 

tab 

tab 

It  was  determined  by  a  series  of  indirect  measure¬ 
ments  that  the  thickness  of  the  oil  layers  in  these 
components  was  1.0  pm  for  each  pair  of  surfaces. 
Thus,  a  component  with  5  solid  dielectric  layers  also 
contained  about  6.  0  pm  of  fluid.  This  is  approxi¬ 
mately  32  percent  less  fluid  than  is  normally  found 
a  an  oil-filled  capacitor.  The  extreme  thinness  and 
niformity  of  the  fluid  layers  is  thought  to  be  partially 
responsible  for  the  high  layer  operating  fields  and 
uniform  degradation  found  experimentally. 


Field  balance  calculations  were  performed  for 
both  components  using  the  results  determined  in  the 
preceding  paragraph.  These  calculations  are  sum¬ 
marized  in  Table  V. 


Table  V.  Electric  Field  Balance 


Standard 

Lightweight 

Average  Stress 

Layer  Stress  Paper 

Plastic 

Oil 

3750  V/mil 
1904  V/mil 
2918  V/mil 
4113  V/mil 

4460  V/mil 

3430  V/mil 

5256  V/mil 

2761  V/mil 

The  weights  of  the  individual  parts  of  each  component 
are  shown  in  Table  VI. 


Table  VI.  Capacitor  Weights 


Standard 

Lightweight 

Sections  (wet) 

3.  126  kg 

1.  126  kg 

Case 

892  g 

96  g 

Terminal 

57  g 

57  g 

Case  Insulation 

546  g 

102  g 

Extra  Oil 

599  g 

101  g 

Totals 

5.  22  kg 

1.  482  kg 

Specific  Weight 

20. 88  g/J 

5.  93  g/J 

True  Energy 

,  3 

Density 

0.  087  j/cra 

0.  265  j/crn 

"Energy  Density" 

21.7  J/lb 

76.  5  J/lb 

Capacitor  Tests 


Two  different  types  of  tests  were  run.  All  capaci¬ 
tors  were  tested  in  a  single-capacitor  test  bay,  and 
then  PFNs  were  assembled  according  to  the  specifi¬ 
cation  given  in  the  second  section  and  tested  with  a 
large  power  supply  and  load. 

Experimental  Details 

The  test  bay  used  to  test  one  capacitor  at  a  time  to 
the  20  pa  width  requirement  has  been  previously  de¬ 
scribed*0.  Four  modifications  were  needed  to  test 
the  2.  2  pF  15  kV  capacitors  (instead  of  the  1.  1  pF 
7.  5  kV  pads  previously  tested).  A  new  larger  power 
supply  was  designed  and  built;  this  was  capable  of 
0  to  8.  5  kV  at  11A.  It  was  designed  to  operate  from 
3  phase  400  Hz  power,  to  avoid  harmonic  resonances 
of  60  Hz  at  higher  repetition  rates.  The  load  resis¬ 
tors*®  were  changed  to  a  new  value.  The  overload 
cut-outs,  clipping  circuits,  and  current  metering 
circuits  were  all  adjusted  to  the  higher  value.  Finally, 
the  thyratron  was  changed  from  an  HY-5to  an  HY-5001 
to  handle  the  increased  current. 

Single  Capacitor  Test  Results 

The  plan  of  test  as  prescribed  by  the  statement  of 
work  was  more  of  a  proof-of-design  (POD)  test  than  a 
developmental  test.  Inasmuch  as  it  was  felt  that  this 
work  was  still  in  the  developmental  stage,  a  develop¬ 
mental  type  test  was  used. 

The  summary  of  testing  for  the  standard  component 
is  given  in  Table  VII.  Serial  2  was  a  demonstration 
unit,  and  serial  IS  is  a  5-tab- per-fotl  experimental 
model.  Temperature  rise  data  was  taken  by  attaching 
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a  thermocouple  to  the  center  of  the  capacitor  end. 

The  caee  temperature  rise  was  3  to  5°C  at  the  end  of 
the  burst,  and  25°C  25  minutes  after  the  burst.  Com¬ 
ponents  which  were  ''screened”  were  checked  for  in¬ 
fant  mortality  only.  It  was  required  to  assemble  the 
PFNs  from  these  components. 

Table  Vtl.  Pulse  Test  Summary,  Standard  Units 


S*r t*l  NumMr 

Total  Shota  <  1000a  i 

Volta**  (kV) 

Note* 

t 

,5.0 

OK 

2 

Not  taatad 

5 

220 

15.  0 

OK 

4 

225 

15.  0 

OK 

5 

" 

6.5 

Failed 

b 

111 

12.5 

Shorted 

7 

10? 

15.  1 

OK 

9 

52 

4.  0 

Failed 

b 

50 

7.5 

OK* 

10 

T.  5 

OK* 

11 

52 

7.5 

OK* 

51 

7.5 

OK* 

■> 

50 

7.5 

OK* 

u 

$1 

?.  5 

OK* 

l* 

- 

7.  5 

Failed 

Cigtc'iori  screened  (or  via*  in  PFN. 

Duly  •  ea  3)0  ppi  (or  1  ns  *  out  *  ,  2  hour*  ha 

tureen  burate,  or 

equivalent. 

The  summary  of  testing  for  the  lightweight  parts 
is  given  in  Table  VIII.  Temperature  measurements 
showed  a  30°C  rise  after  the  burst. 


Table  VIIL  Pulse  Tost  Summary 
Lightweight  Units 


Serial  Number 

Total  Shota  (1000a! 

Voltage  kV 

Notea 

1 

12 

15.0 

Failed 

2 

144 

15.5 

railed 

3 

ir 

14.0 

OK 

4 

49 

7.5 

OK" 

5 

156 

14.0 

OK 

6 

17. 

14.0 

OK 

7 

51 

7.  5 

OK" 

1 

51 

7.5 

OK" 

9 

67 

7.5 

OK* 

10 

51 

7.5 

OK* 

11 

50 

7.5 

OK* 

12 

51 

7.5 

OK" 

"Capacitor  icreened  for  pula*  forming  network. 

Of  the  twenty-six  components  tested,  there  were 
six  failures  —  four  standard  and  two  lightweight.  Of 
the  standard  units,  two  were  bulk  or  random  dielec¬ 
tric  failure,  one  was  edge  failure,  and  one  (S/N  015) 
was  a  tab  failure  ascribed  to  a  manufacturing  defect. 
Both  lightweight  failures  were  at  the  foil  edge.  No 
caee  rupture  or  fluid  leakage  occurred  on  failure. 

PFN  Test  Experimental  Details 

The  PFN  tests  were  accomplished  at  the  High 
Power  Laboratory  of  the  Rome  Air  Development 
Center,  Griffiss  AFB,  New  York.  A  standard  line- 
type  modulator  circuit  was  employed,  and  the  equip¬ 
ment  from  the  large  test  bay  was  used  An  exposed 
copper  coil  was  used  for  the  PFN  inductance,  and  was 
designed  so  that  either  the  standard  or  the  lightweight 
capacitors  could  be  tested.  The  actual  measured 
pulse  width,  zero-to-zero,  was  24  ps. 

Test  Results 


Throughout  the  testing,  triggering  problems  were 
encountered  with  the  switch  tubes,  so  that  occassion- 
ally  the  exact  test  profile  desired  could  not  be  run. 


The  initial  tests  were  run  on  standard  com¬ 
ponents  for  the  purpose  of  checking  the  waveshape. 

The  observed  pulse  was  rectangular.  The  mini¬ 
mum  charge  time  was  determined  by  the  power 
supply  and  charging  reactor. 

A  summary  of  the  test  data  using  the  standard  ca¬ 
pacitors  is  given  in  Table  IX.  The  capacitors  per¬ 
formed  well  in  this  service.  During  th  testing,  the 
case  temperature  of  Cf, ,  the  most  1  .jhly  stressed  unit, 
was  monitored.  It  was  noted  that  was  noticably 
warmer  than  the  other  five  capacitors.  Referring  to 
Table  IX,  runs  1C  to  13  were  accomplished  in  a  period 
of  about  8  minutes.  The  maximum  case  temperature 
of  Cb  occurred  47  minutes  after  the  test,  and  was 
12°C  larger  than  the  starting  temperature.  The  peak 
current  at  15  kV  was  9600A. 


Table  IX.  Standard  Capacitor  PFN 
Testing  Summary 


Run  Number 

Rate 

Voltage  (kV) 

Total  Shots 

100 

6 

60,000 

2 

125 

7 

75,000 

3 

125 

3 

15,000 

4 

125 

7 

5,625 

s 

125 

10 

7,500 

6 

125 

13 

7,500 

7 

5 

15 

1,200 

8 

30 

15 

5,400 

9 

>200 

15 

4,500 

10 

>200 

15 

15,000 

11 

3 

15 

360 

12 

33 

15 

1,650 

13 

125 

15 

15,000 

Because  c'  the  time  pressure,  and  because  the 
Project  Monitor  expressed  the  desire  to  have  at  least 
6  good  lightweight  units,  it  was  decided  to  replace  C(, 
in  the  standard  line  with  a  lightweight  capacitor, 

S/N  12,  rather  than  use  all  6  lightweight  units.  This 
component  was  instrumented  for  case  temperature 
measurement,  and  four  additional  runs  were  made. 
This  data  is  shown  in  Table  X.  The  component  got 
quite  warm,  but  performed  well.  Temperature  data 
is  shown  in  Table  XI. 


Table  X.  PFN  Data  with  1  Lightweight 
Capacitor 


Run 

Rate 

Voltage  <kV) 

Total  Shots 

14 

50 

10 

9,000 

15 

50 

13 

4,500 

16 

50 

15.0 

9,900 

17 

>200 

15.0 

16,500 

18 

so 

15.  0 

18,000 
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Table  XI.  C&  Case  Temperature  Data 


The  capacitor  development  program  reported 
herein,  and  in  previous  reports'®,  has  shown  that  the 
basic  hypothesis  of  improving  energy  density  and 
reliability  over  commercially-built  components  by 
making  capacitors  more  mechanically  perfect  is  a 
fruitful  one.  Moreover,  in  the  process  of  developing 
a  pulse-discharge  capacitor  technology,  numerous 
improvements  applicable  to  other  types  of  capacitors 
as  well  have  been  made. 

A  complete,  detailed  final  report'^has  been  pre¬ 
pared  on  this  work. 
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LOW  INDUCTANCE  IMPEDANCE  TRANSFORMING  TECHNIQUES 
FOR  INJECTION  LASER  ARRAYS 
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Dr.  C.  W.  Trussall  and  J.  E.  Miller 


Night  Vision  and  Electro-Optics  Laboratory 
Fort  Belvolr,  Virginia  22060 


Summary 

Two  Impedance  transformation  technic  ies 
are  described.  The  first  technique  exponen¬ 
tially  varies  the  impedance  up  to  a  factor 
of  5  using  a  lumped  transmission  line  circuit 
with  a  140  MHz  cut-off  frequency.  The 
second  technique  uses  an  integral  laser 
array-transformer  with  the  semiconductor 
laser  material  mounted  directly  into  the 
single  turn  secondary.  The  transformer 
produces  a  144  to  1  impedance  transformation 
with  only  18  nanohenry  leakage  inductance 
and  generates  an  83  nanosecond.  1S00  ampere 
pulse  through  the  laser  array  for  a  peak 
light  output  power  of  600  watts  when  driven 
by  a  0.50  Impedance,  41.5  nanosecond  delay 
line  charged  to  200V. 

Introduction 

During  the  course  of  a  laser  illuminator 
development  program  conducted  at  the  Night 
vision  and  Electro-Optics  Laboratory,  several 
injection  laser  array  configurations  evolved, 
each  with  its  own  electrical  (i.e. ,  impedance, 
inductance,  capacitance)  characteristics. 
Because  it  was  desirable  to  drive  these 
arrays  with  a  common  pulse  forming  network, 
a  method  to  Impedance  match  the  delay  line 
to  various  non-linear  laser  diode  loads 
was  sought. 

Two  original  configurations  to  perform 
this  task  were  developed  and  fabricated. 

The  first  was  a  lumped  transmission  line 
formed  by  ceramic  capacitors  in  which  the 
Impedance  was  exponentially  tapered  from 
the  delay  line  (0.5n)  to  the  load  (<0.5n). 

The  second  was  a  low  Inductance  pulse  trans¬ 
former  (12:1)  with  the  laser  diodes  mounted 
directly  in  the  single  turn  secondary. 

The  overall  pulsar  block  diagram  is 
shown  in  Figure  1. 


Figure  1.  Block  Diagram  of  Pulsar 


The  transmission  line  is  resonantly  charged 
to  200V  and  discharged  through  the  load 
to  ground  by  a  double  bank  of  SCR's.  The 
transmission  line  used  with  the  transforsMr 


produces  a  pulse  length  of  83  ns  and  has 
a  cut-off  frequency  of  38.5  MHz.  The  one 
used  with  the  taper  has  a  90  ns  pulse  length 
and  a  140  MHz  cut-off  frequency.  The  design 
curves  for  the  characteristics  of  the  transmis¬ 
sion  lines  are. described  elsewhere  in  these 
proceedings.  1 '  In  this  paper  we  discuss 
only  the  impedance  matching  circuit  ap¬ 
proaches. 

Discharge  Pulse  Shape 

The  discharge  pulse  shape  of  a  transmis¬ 
sion  line  coupled  to  loads  representing 
thfj^  matching  conditions  is  shown  in  Figure 
2 . 


Figure  2.  Voltage  Discharge  Pulse  Shapes 


In  each  case,  the  delay  line  is  charged 
to  2V,  is  discharged  at  time  zero,  and 
has  a  discharge  time  of?.  In  the  impedance 
matched  case,  the  voltage  at  switch-time 
drops  to  1/2  the  delay  line  charge  voltage 
and  remains  constant  for  time*.  All  power 
is  transferred  to  the  load  during  time  T. 

In  each  of  the  mismatch  cases,  multiple 
reflections  spread  the  energy  transfer 
over  several  periods  of  discharge  and  result 
in  less  power  transfer  during  this  0  to:  time 
period.  We  evaluated  both  matching  circuits 
using  measurements  of  this  type. 

The  Exponentially  Varied  Tranmmlsson  Line 

The  transmission  line  was  formed  by 
soldering  ceramic  chip  capacitors  between 
the  conductors  of  a  parallel  plate  transmis¬ 
sion  line.  The  impedance  is  transformed 
exponentially  between  end  points.  A  photo¬ 
graph  of  one  such  circuit  is  shown  in 
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Figure  3.  This  section  transforms  the 
impedance  from  0.5®  to  0.3ft,  while  maintaining 
a  140  MHz  cut-off  frequency. 


/ 


Figure  3.  Impedance  Transformer 


The  exponential  transformation  technique 
is  desirable  because  it  can  provide  broad 
band  matching  over  the  entire  band  of  opera¬ 
tion.  However,  this  transmission  line 
must  be  longer  than  one  wavelength  for 
the  exponential  character  to  be  seen  by 
the  wave.  Under  normal  conditions,  such 
a  length  is  not  practical  since  it  would 
at  least  be  equal  to  the  delay  line  length. 
In  order  to  circumvent  this  limitation, 
the  transition  was  fabricated  to  be  at 
10  MHz,  the  key  frequency  tor  a  SO  ns  pulse 
and  2>i X  at  140  MHz,  the  cut-off  frequency. 
Thus  the  transition  served  as  a  %  wave 
matching  filter  at  the  lower  frequencies 
and  an  exponential  taper  at  the  higher 
frequencies,  yielding  a  reasonably  broad 
band  performance  range. 

The  impedance. of  the  line  is  transformed 
exponentially  as:'  ' 


The  product  of  L  and  C  is  independent 
of  x  and  the  ratio  varies  exponentially 
as  desired.  Table  1  shows  the  design  speci¬ 
fications  of  the  transition  shown  in  Figure 
3.  The  total  transition  length  is  1*  and 
the  plate  separation  is  0.1*. 


Table  1.  Transmission  Line  Design 
From  0.52ft  to  0.30ft 


Element 

X 

Z(0  ) 

L(nh) 

W 

( inch) 

C(nf ) 

0 

0.520 

0.610 

0.440 

2.2S6 

1 

0.489 

0.574 

0.473 

2.400 

2 

0.460 

0.540 

0.506 

2.552 

3 

0.433 

0.506 

0.550 

2.709 

4 

0.407 

0.478 

0.583 

2.886 

5 

0.383 

0.449 

0.627 

3.061 

6 

0.360 

0.423 

0.671 

3.264 

7 

0.339 

0.398 

0.726 

3.463 

8 

0.319 

0.374 

0.770 

3.675 

9 

0.300 

0.352 

0.836 

3.911 

The  curves  which  were  used  to  design 
this  transformation  are  given  elsewhere 
in  the  proceedings.  Pulse  shapes  of  a 
0.5ft  transmission  line  into  a  0.3ft  load 
are  shown  in  Figure  4,  both  with  and  without 
the  transformation.  The  pulse  shape  improve¬ 
ment  is  due  to  the  Improved  high  frequency 
impedance  match.  The  low  frequency  match 
for  the  90  ns  pulses  apparently  did  not 
improve. 


Z 


V 


-sx 


(1) 


where:  «  -  transformation  constant 
x  *  distance 
Zq  ■  impedance  at  X»0 

Since  the  cut-off  frequency  must  be  maintained 
constant  over  the  entire  length,  both  L 
and  C  must  be  varied  exponentially  as  seen 
below: 


W 


CO 


1//LC 


t  -  /l7c 


(2) 


0  100  200  300 

TIME  (ns) 


where:  w  •  angular  cut-off  frequency 
Lc  ■  L  e  *  ■  Inductance  per 

unit  length  Figure  4.  Voltage  Across  0.3Q  Load 

C  -  C  e  -  capacitance  per  With(a)  and  Without  (b)  Impedance 

unit  length  Transformation  Section 

Z  •  Impedance 
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Foe  loads  with  an  Impedance  below  0.1a, 
tha  exponential  tapar  was  not  a  practical 
approach.  In  this  low  iapadanca  regime, 
a  pulsa  transformer  with  a  12:1  turns  ratio 
was  usad. 


Tha  Pulsa  Transforaar 


Theory 

Tha  equivalent  circuit***  of  tha  trans¬ 
former  is  shown  in  Figure  S. 


Figure  5.  Equivalent  Circuit  of  the 
Transforaar 


R,  is  tha  total  source  iapedance  on  tha 
primary  side,  a  the  total  leakage  inductance 
(series  inductance),  L  the  total  shunt 
Inductance  (sutgnetixing  inductance),  Cd 
tha  total  shunt  capacitance,  and  R_  tha 
total  iapadanca  of  tha  load  and  the  secondary 
winding  as  reflected  to  the  primary  circuit. 
Since  tha  turns-ratio  of  the  primary  to 
the  secondary  is  n  to  1,  the  impedance 
of  the  secondary  is  increased  by  n*  at 
the  primary  input. 


n2  <Rl  ♦  Rgjf) 


(3) 


where  »,  and  R™  are  tha  load  impedance 
and  tha  secondary  Winding  resistance  at 
the  secondary,  respectively. 

The  magnetising  Inductance,  L  ,  is 
expressed  as  (see  Figure  6):  p 


where  u 
A 
”p 
t 


LP  *  «A  Hp2/t  (4) 

-  magnetic  permeability 
of  the  core 

•  cross  section  of  the  core 

•  primary  turns 

»  flux  path  length 


The  leakage  inductance,  a  ,  is  the 
total  series  inductance  and  a  measure  of 
the  magnetic  flux  which  is  not  coupled 
to  the  secondary.  It  can  be  expressed 
in  terms  of  the  geometric  configuration 
of  the  transformer  and  can  be  derived  from 
magnetic  energy  considerations.  It  is 
expressed  as: 

°  *  "jUpV2  (5) 

where  V  -  volume  between  the  secondary 
and  the  prisuiry  windings 
x  »  width  of  the  winding 


This  is  an  indication  of  the  energy  stored 
between  the  windings  and  it  is  unrelated 
to  the  magnetic  permeability  of  the  core. 

The  leakage  Inductance  can  also  be 
expressed  in  terms  of. the  geometric  paraswters 
of  the  transformer.  ' 


where  F 

t 

x 

d 


d  * 


FUoNp2f  (d  +  d^)/*  (6) 

distribution  factor 
mean  path  length 
width  of  the  winding 
separation  between  the 
secondary  and  the  primary 
windings 

total  thickness  of  the 
metal  windings  (primary 
and  secondary) 


He  have  empirically  derived  an  equation 
similar  to  Equation  6,  and  will  experimentally 
show  the  dependence  of  the  primary  and 
leakage  Inductance  on  the  geometric  parameters 
of  the  transformer  in  later  sections. 

Equation  S  indicates  the  key  parameters 
needed  to  design  a  ferrite  transformer 
for  maximum  power  transfer  to  the  load: 

1)  Minimum  number  of  primary  turns. 


2)  Minimum  volume  between  the  primary 
and  the  secondary  windings. 


3)  Maximum  width  of  the  windings  in 
conjunction  with  available  laser  diode 
array. 

In  addition,  ease  of  laser  smuntlng, 
efficient  removal  of  heat  from  the  laser, 
and  Impedance  match  must  be  considered. 


HPi  rical  Design  Parameters 

Me  obtained  an  empirical  formula  for  o 
using  an  8  mm  diameter  ferrite  core  and 
varying  the  thickness  of  the  primary  winding 
metal.  The  width  of  the  winding  was  1 
cm,  the  number  of  primary  turns  was  10, 
and  the  thickness  of  the  Mylar  insulator 
was  0.15  mil.  The  thickness  of  the  A l  foil, 
the  primary  winding,  was  varied  from  0.3 
mil  to  0.8  mil.  Figure  7  shows  the  empirical 
fit  of  the  equation. 


Figure  6.  Primary  Inductance 
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Figure  7.  Empirical  Fit  of  a 

For  each  thickness  of  the  foil,  a  was 
measured  and  plotted  as  a  function  of  d'+d^S, 

d'+d«/2,  dm  *nd  d'+d«i  wh«r«  d'1*  th*  thickness 
of  the  Mylar  and  d^  the  thickness  of  the 

foil.  The  best  fit,  assumed  to  Intercept 
the  origin,  was  found  to  be: 

o  *  1.09  u0f!»p3(<*  ♦  (7) 


Figure  8.  Leakage  Inductance  vs  Metal  and 
Insulation  Thickness  (n  •  5) 

thicknesses  significantly  reduces  the  leakage 
Inductance.  The  minimum  Inductance  is 
obtained  for  0.3  all  Af  foil  and  0.2S  all 
Mylar. 

Later,  for  the  sake  of  rigidness  and 
ease  of  winding,  we  used  a  0.5  mil  thick 
Cu  foil  for  the  windings. 


This  equation  is  similar  to  Equation  6 
because  d  -  I  d'  and  d  =  Np  <n 

In  addition,  Be  measured  inductances 
for  two  different  ferrite  cores  and  compared 
the  results  with  Equation  7.  These  results 
are  summarized  in  Table  2. 

r 


Table  2.  Inductances 

for  Different 

Ferrites 

Ferrite 

CM  2050 

CM  5005 

IVj 

100 

1400 

diameter 

0.4* 

0.4* 

Ai  thickness 

0. 006" 

0.006" 

L  (without  cover) 

3.9  uh 

4.2  uh 

Lp( with  cover) 

15.7  uh 

35.2  wh 

ap(meaaured) 

0.049  uh 

0.048  uh 

a  (calculated)* 

0.046  uh 

0.046  uh 

•used  Equation  7. 

The  coupling  coefficient,  K,  is  approximately 
0.9984  using  a  relationship  a  *  2L  (1-K).  ' 

The  important  observations  arenas  follows: 


Measurement  of  Inductance 

Leakage  Inductance  and  primary  Inductance 
are  measured  using  the  same  resonance  tech¬ 
nique.  If  the  secondary  is  open,  the  tech¬ 
nique  measures  the  primary  inductance, 

L  .  If  the  secondary  is  shorted,  it  measures 
tne  leakage  inductance.  Figure  9  shows 
the  equivalent  circuit  to  measure  the  leakage 
inductance. 


a 


Figure  9.  Equivalent  Circuit  to  Measure 
the  Inductance 


1)  Magnetic  permeability  increases  Lp. 

2)  Ferrite  cover  Increases  Lp. 

3)  o  does  not  depend  upon  the  ferrite 
property. 

The  various  geometric  parameters  in 
Equation  7  play  important  roles.  Figure 
8  shows  that  minimizing  the  Insulator  metal 


C.  is  a  discrete  capacitor  shunting 
the  primary  input.  Cd  is  the  total  shunt 
capacitance.  The  resonant  frequency,  f, 
is  obtained  for  a  given  C,.  Another  resonant 
frequency,  f,,  is  obtained  for  another 
capacitor  Cj. 

-  _  1  _ 


2  •»  /o  fc  x  +”c^y 


(•) 
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2  2Wo<c,  +  ed> 

Eliminating  C.  from  Equations  8  and  9  and 
raplacing  f,  with  1/t,  and  t,  with  ' 

tha  leakage'1’  inductance  is  expressed1 
as: 


(r1  +  t2)  (rt  -  t2) 
<2w) 2  (C2  -  Ct) 


(10) 


whara  t t  and  r2  ara  tha  raspactiva 
periods  of  oscillation. 

A  rectangular  pulse  is  injected  into 
tha  transformer  and  tha  output  is  monitored 
on  an  oscilloscope  at  tha  saae  point. 

The  ringing  period  of  oscillation  is  Measured 
for  two  different  shunt  capacitors  and 
inserted  into  Equation  10  to  obtain  the 
inductance  value. 


Estimating  the  Required  Input  Impedance 

Figure  10  demonstrates  the  technique 
used  to  determine  the  array  impedance  at 
the  operating  current.  This  information 
is  used  to  either  adjust  the  turns  ratio 
or  the  input  Impedance  of  the  transmission 
line.  For  the  exasq>le  shown  in  Figure 
10,  the  effective  resistance  of  the  secondary 
is  0.003Q.  At  the  primary  input  for  the 
ten-turn  transformer,  it  becomes  0.3n. 
Required  voltage  at  the  primary  Inputs 
is  45  volts  and  required  current  is  150 
amperes. 


Figure  10.  i-V  Curve  of  the  Laser  Array 

The  Final  Transformer  Configuration 

The  final  transformer  design  was  obtained 
by  using  0.5  all  copper  sheet  for  the  primary 
and  the  secondary  windings  with  1/4  all 
thick  Mylar  insulation,  wound  on  a  2  am 
ferrite  core.  The  number  of  primary  turns 
ranged  from  I  to  12  depending  on  the  array 
impedance  at  the  operating  voltage. 

After  the  primary  was  concentrically 
wound  and  glued,  the  secondary  was  tightly 
wrapped  around  it.  Its  outputs  are  pressed 
to  the  l-fila  made  of  copper  with  Kapton 


to  make  electrical  contacts  to  the  array. 
The  laser  array  diodes  are  soldered  to 
the  copper  heat  sink  with  their  p-slde 
down  (see  Figure  11).  The  n-side  of  th« 
diodes  are  soldered  to  a  two  mil  gold  foil. 
The  other  end  of  the  foil  is  soldered  to 
the  H-film,  thus  completing  the  circuit. 

All  the  pressure-contacted  surfaces  are 
In-tinned. 


Figure  11.  Transformer-Laser  Array  Schematic 


Figure  12  shows  the  scope  traces  of 
the  primary  voltage  and  the  laser  array 
light  output.  Prom  the  picture  it  can 
be  deduced  that  the  load  Impedance  is  less 
than  that  of  the  transmission  line  as  discus¬ 
sed  earlier.  The  light  output  actually 
coincides  with  the  peak  of  the  secondary 
voltage.  Secondary  voltage  is  actually 
delayed  by  30  nanoseconds  from  the  primary 
voltage.  Peak  light  output  is  600  watts 
and  peak  secondary  current  is  estimated 
to  be  1500  amps,  based  on  diode  quantum 
efficiency. 


0  100  200300400 
TIME  (ml 


Figure  12.  Primary  Voltage  (Upper  Trace) 
and  Light  Output  (Lower  Trace) 
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Figure  13  shows  the  components  of  the  proto¬ 
type  transformer-laser  array-  Shown  are 
the  transformer,  the  SCR  banks,  and  the 
delay  line. 


Figure  13.  Transformer-Laser  Array 
Components 


Conclusion 

Two  impedance  matching  techniques  have 
been  successfully  developed  for  driving 
semiconductor  laser  diode  arrays.  For 
intermediate  impedance  loads,  an  exponen¬ 
tially  impedance  tapered  delay  line  has 
been  fabricated.  It  successfully  transforms 
the  high  frequency  pulse  components.  However, 
the  transformation  is  too  abrupt  to  affect 


the  low  frequency  components.  For  very 
low  impedance  laser  array  loads,  we  have 
constructed  a  low  inductance  pulse  trans¬ 
former.  The  transformer  leakage  Inductance 
is  18  nh  for  12  primary  turns.  An  array 
driven  by  the  transformer  has  produced 
a  600  watt  peak  optical  output  with  a  pulse 
width  of  83  ns  at  a  repetition  rate  of 
10  KHs.  The  transformer  technique  is  excel¬ 
lent  in  principle  to  drive  asny  diodes 
in  parallel  if  the  input  impedance  is  pro¬ 
perly  matched. 
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THE  ELECTRICAL  PERFORMANCE 
OF  WATER 

UNDER  LONG  DURATION  STRESS* 
by 

D.  B.  Fenneaan 
R.  J.  Gripshover 

Naval  Surface  Weapons  Center,  Dahlgren,  VA.  22448 


The  performance  of  water  capacitor  systems 
electrically  stressed  for  periods  exceeding  lOOpsec 
is  reviewed  and  analyzed.  Experimental  results  are 
presented  which  demonstrate  that  the  breakdown 
strength  of  water-filled  lines  under  such  long  tern 
stress  is  independent  of  stress  time  and  best 
described  as  a  threshold  phenomenon .  The  study 
indicates  that  very  long  tine  charging  of  water 
lines  is  possible,  with  acceptable  lais,  provided 
the  water  is  continuously  deionized  and  cooled. 

Background 

Water,  with  its  high  dielectric  constant  and 
benign  handling  properties  is  commonly  used  as 
the  intermediate  energy  storage  medium  of  pulsed 
power  devices,  serving  to  collect  electrical  energy 
over  a  long  period  of  time  and  subsequently 
discharging  it  quickly  into  the  load.  Power  ampli¬ 
fication  is  measured  by  the  ratio  of  charging  time 
to  discharge  time,  hence  there  is  benefit  in  making 
the  charging  time  as  long  as  possible.  Another 
benefit  of  long  time  charging  is  that  it  opens  up 
the  possibility  of  using  new  kinds  of  sources,  such 
as  the  compulsator  and  brushless  rotary  flux 
compressor  (8RFC)  to  charge  the  line;  thereby 
eliminating  the  need  for  primary  energy  storage 
capacitors.  To  benefit  from  such  new  devices,  it 
will  be  necessary  for  the  water  to  collect  and 
store  energy  for  periods  exceeding  lOOvsec.  This  is 
more  than  an  order  of  magnitude  longer  than  the 
S-lOusec  typical  of  present  devices,  and  is  a  region 
which  has  received  little  or  no  detailed  experimen¬ 
tal  study.  It  is  the  purpose  of  this  paper  to 
review  the  expected  performance  of  water  filled 
lines  and  present  results  of  experimental  studies 
of  achievable  performance  in  the  long  time  domain. 

It  will  be  shown  that  water  purity  end  temperature 
assume  crucial  importance. 

El  Metrical  Properties  of  Weter 

Two  properties  of  water  which  define  its 
performance  in  a  circuit  element  are;  the  relative 
dielectric  constant,  a,  and  the  conductivity,  o  (or 
altemitively  the  resistivity,  p  «  1  /o)  .  From 
these  two  parameters  a  third,  termed  the  intrinsic 
time  constant,  t ,  can  be  constructed 


t0  is  the  permittivity  of  free  space  (8 . 854x10' wF/n) 

Physically,  t  is  manifested  as  the  time  a  capacitor, 
filled  with  material  of  dielectric  constant  c  and 
conductivity  o,  initially  charged  to  voltage  V  , 

takes  to  decay  to  voltage  V0/e;  i.e. : 

V(t)  •  V0e‘t/r  (2) 

This  behavior  is  independent  of  the  size  or  geometry 
of  the  capecitor  and  makes  t  e  useful  parameter  to 


relate  the  fundamental  properties  of  a  dielectric  to 
its  circuit  performance. 

The  large  dielectric  permittivity  of  water  is 
due  to  its  being  a  naturally  polar  molecule  which  in 
the  liquid  phase  has  strong  interaction  energy  between 
neighboring  molecules .  It  is  thus  expected  that  « 
should  be  temperature  dependent  due  to  thermal  smear¬ 
ing  of  the  interaction  potential .  This  is  indeed 
the  case,  ss  the  formula  from  the  Handbook  (l  1 (with 
T*  »  T-25)  displays; 


r’WS.SdJl 


-4.579x10" 


1.19xlO*5T'2-2.8xlO'*T'*J  (3) 

This  equation  displays  a  variation  of  Ilk  in  £  as  T 
changes  from  0  to  25  C. 

The  conductivity  of  water  arises  from  three 
sources:  impurity  ions,  ions  from  thermal  dissocia¬ 
tion,  and  a  frequency  dependent  conductivity,  which 
are  additive; 

0  *  °i»p  *  °dis  *  0(00  (4) 

The  last  source  is  a  consequence  of  the  finite  time  it 
takes  the  molecules  to  realign  in  a  changing  field, 
and  can  be  equivalently  expressed  as  the  imaginary 
part  of  a  complex  dielectric  constant.  This  source  is 
well  described  by  Debye  Theory  l*i  : 

l*o  V 

Td  is  the  Debye  relaxation  time,  about  10" 11  sac  for 
water.  This  contribution  is  therefore  negligible, 

e.g.:  o(10‘)  <10"1*  s/cm.  (1  Sieman  3W>=a*«*1) . 

The  other  sources,  impurities  and  dissociation 
products,  contribute  conductivities  which  may  be 
computed  as  the  number  of  carriers  per  unit  volume, n, 
times  the  charge  of  each  carrier,  q,  times  the  mobili¬ 
ty,  V. 

0 imp*11  imp  'kmp^imp  *WioqP  ^ 

°dis*T1dis<'dis^uii«p"vimp^ 

The  mobilities  of  all  ions  in  aqueous  solution  are 
temperature  dependent,  but  unlike  electronic  conduc¬ 
tion  in  metals,  ionic  mobilities  increase  with  in¬ 
creasing  temperature*1] .  The  situation  can  be 
likened  to  the  case  of  a  ball  bearing  falling  faster 
to  the  bottom  of  a  bucket  filled  with  marbles  if  the 
bucket  is  agitated.  The  increase  of  mobility  with 
temperature  is  linear  in  the  region  0-25C. 

V  -  U0  d  ♦  aT)  (7) 

Representative  values  are: 

Na  :  u  -  2.69X10"*  a  •  3.84x10"* 


OH" 
with  u 


4.26x10"*  ° 

2. 49x10"*-, a 
1.09x10*’, a 


3.34x10  1 

1.83x10"* 

3.32x10** 


in  cm2 /volt-sec  and  a  in  C*1. 
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Impurity  carrier  densities  and  their  tempera¬ 
ture  dependence  are  hard  to  predict.  Modern  mixed 
bed  deionizers  will  very  efficiently  scrub  ionic 
impurities  to  only  a  few  parts  per  billion  on  one 
pass.  This,  coupled  with  the  fact  that  the  mobili¬ 
ties  of  the  products  of  dissociation  (OH*  and  HjO  ) 
are  S  to  10  times  higher  titan  the  mobilities  of  com¬ 
mon  impurity  ions  (e.g.,  Na,  Cl')  infers  that  in  a 
well  designed  water  conditioning  system,  the  dominant 
contribution  to  conductivity  comes  from  the  dissocia¬ 
tion  reaction: 

2H0H  HjO*  ♦  OH*. 


Carrier  densities  from  this  reaction  are  exponenti¬ 
ally  temperature  dependent  and  may  be  expressed  as 

.„A+BT*CT2 

ndi,  *  "a,-  *  **  '  10 


...  _  *  r*HjO*  ’  10  (8) 
The  table  in  [l]  for  the  ionization  constant  of  water, 
K  (T)  yields(for  n  in  ions/cm5) 


A  •  13.3082 
B  «  2.147SxlO'2 
C  *  -1.03x10'* 


This  empirical  fit  gives  values  to  3  places  for 
0  <T<20.  For  T«2SC  it  is  good  to  Si,  for  higher 
values  it  rapidly  loses  accuracy.  The  temperature 
dependence  of  e,  o,  p.and  T  for  absolutely  pure 
water  are  displayed  in  Figure  1. 


TEMPERATURE  (CELSIUS) 


Figure  1. 

Variation  of  electrical  properties  of  absolute¬ 
ly  pure  wmter  with  temperature,  one  atmosphere 
pressure. 


As  shown  in  this  figure,  the  variation  of  Intrinsic 
time  constant  t  is  especially  dramatic,  dropping 
fivefold  from  670usec  at  OC  to  128usec  at  25C.  The 
impact  of  this  variation  is  of  crucial  importance 
when  considering  long  tern  charging. 

Charging  Time 

From  the  point  of  view  of  the  load,  the  water 
line  is  a  transmission  line  with  distributed  induct¬ 
ance  and  capacitance,  but  from  the  point  of  view  of 


the  source,  it  models  as  a  capacitor.  When  consider¬ 
ing  long  charging  times,  the  eneTgy  loss  from  ohmic 
heating  due  to  non-zero  conductivity  of  the  water 
dielectric  should  be  taken  into  account.  Consider 
charging  a  water  capacitor  with  a  voltage  waveform 

V(t)  .  Vf  •  f(t)  (9) 

where  Vf  and  are  the  final  voltage  and  time  and 
f(o)  -  0 
f(tf)  -  1. 

Then  the  ratio  of  ohmic  heating  loss  to  energy  stored 
iS:  E  1  ftf 

ohmic  m  E  J,  V2(t)dt  ,  letting  t'*tj  gives 
^stored  |cv{!  lf 


This  result  is  independent  of  the  size  or  geometry  of 
the  capacitor .  a  is  a  dimensionless  coefficient  which 
depends  only  on  the  functional  form  of  the  charging 
waveform.  Values  of  a  for  common  charging  cycles 
and  typical  charging  losses  are  displayed  in  Table  1. 
The  table  clearly  indicates  for  charging  times  in 
excess  of  lOOusec  high  water  purity  and  cooling 
become  mandatory. 


TABLE  1.  WATER  CHARGING  LOSS 


Parenthetically,  a  point  must  be  discussed.  Ohmic 
heating  during  the  charging  cycle  increases  the  con¬ 
ductivity  which  in  turn  increases  the  ohmic  heating 
and  so  on.  Fortunately,  due  to  the  high  specific 
heat  of  water,  this  effect  is  negligible  for  single 
pulse  devices.  For  burst  node  operation  it  may  be 
of  importance,  and  for  repetitively  pulsed,  contin¬ 
uous  duty  devices  it  is  certainly  an  important  con¬ 
sideration.  This  underscores  the  need  for  contin¬ 
uously  flowing  systems. 

Electrical  Strength  Experiments 

It  remains  to  discuss  one  final  property:  the 
electrical  strength.  At  present  there  is  no  theory 
to  predict  the  breakdown  behavior  reliably,  long 
term  electrical  stress  tests  of  very  pure  water  have 
been  completed  at  NSWC.  The  experimental  apparatus 
and  testing  procedure  are  described  in  more  detail 
in  [*]  and  [»)  •  The  facility,  consisting  of  a  Marx 
bank,  water  capacitor  test  cell  and  water  conditioning 


1S1 


system  is  sketched  in  Figure  2.  The  tine  con¬ 
stant  of  the  Marx  generator,  R^C^,  is  20usec.  In 

order  to  do  long  duration  stress  snu>?*s,  the 
water  capacitor  oust  be  isolated  from  the  Marx 
generator.  The  electrical  circuit  of  the  previous 
work  was  modified  by  placing  a  diode  in  series  with 
the  water  capacitor  to  prevent  its  discharging.  The 
modified  circuit  and  saaple  experimental  voltage 
waveforms  are  shown  in  Figure  3.  Two  copper  sul¬ 
phate  voltage  probes  were  necessary;  a  70kn  probe 
on  the  Marx  side  of  the  diode  and  a  1MR  probe  on  the 
water  capacitor  side. 


CHARGE  RESISTOR 


BLOCKING  OIOOE 


Figure  2.  Experimental  arrangement. 


V, 

Figure  3.  Electrical  Circuit  and  Experimental  waveforms. 
CB.  Marx  capacitance  •  22nF;  R^,  Marx  internal 

resistance,  »  9000;  Rc,  charge  resistor,  «  5  kfl; 

water  capacitance,  ■  InF;  Rw,  water  resistance, 
>300KQ, 


Since  the  7 Oka  probe  hat  betteT  frequency  re¬ 
sponse,  it  gives  a  more  accurate  voltage  measurasMnt. 
However,  this  probe  would  load  the  water  capacitor 
excessively.  A  higher  impedance  probe  is  needed 
for  long  stress  times .  with  the  Mi  probe,  the 
experimentally  observed  decay  tine  can  be  used  to 
calculate  the  water  Intrinsic  tine  constant  from 


t  * 


_ex£_ 


‘-IT* 

P» 


(II) 


One  purpose  of  the  research  was  to  establish 
that  the  water  conditioning  system  could  sufficient¬ 
ly  purify  water,  as  demanded  by  the  considerations 


of  the  previous  section,  to  produce  stress  tines  in 
excess  of  lOOysec.  The  water  resistivity  is  contin¬ 
ually  snnitored  by  Bamstead  purity  meters,  but 
since  they  have  built  in  temperature  compensation  and 
are  always  pinned  above  18.3M)-cm  during  experiments, 
they  are  of  little  use.  Measurement  of  the  logrithnic 
decrement  of  the  experimental  voltage  wave  form  is  a 
direct  measure  of  the  intrinsic  tine  constant.  Results 
are  shown  in  Figure  4 . 


Figure  4.  Experimental  measure  of  intrinsic  tine  constant. 

The  close  agreement  between  theory  and  experi¬ 
ment  indicates  that  in  our  system  dissociative  con¬ 
ductivity  dominates.  It  is  important  to  emphasize 
the  fact  that  purity  of  this  magnitude  requires  con¬ 
tinuous  deionizing.  Tests  have  shown  that  resistivity 
will  decay  from  18.3Ml-cm  (2SC  value  of  pure  water) 
to  SMR'cm  in  a  half  hour  if  the  deionizer  is  bypassed. 

In  this  same  regard,  deaeration  is  also  important  to 
remove  carbon  dioxide. another  source  of  ions: 

(2H0H  ♦  C02  S=^HC0i  ♦  HjO*) 

An  important  research  area  would  be  to  pinpoint  the 
carriers  causing  this  decay  and  their  source  (e.g., 
metal  Ions) . 

The  electrical  breakdown  strength  is  measured 
in  terms  of  "breakdown  probability".  Simply  stated, 
if  n  tests  with  Identical  waveforms,  characterized  by 
■  (the  maxisaaa  field  experienced)  and  b  (<n)  of 

them  suffer  breakdown;  the  ratio  b/n  is  called  the 
breakdown  probability.  The  results  of  over  400 
tests  are  presented  in  Figure  S.  Each  point  repre¬ 
sents  n  >10  tests.  The  points  for  effective  stress 
times  (defined  as  the  time  for  which  E>.63Emjy)  of 

65usec  and  2S0usec  are  seen  to  overlap  to  within 
experisMntal  variation.  These  stress  times  are 
obtained  by  changing  water  taarperatura  from  2C  to 
23C.  The  points  for  llusec  effective  stress  times 
are  obtained  by  removing  the  blocking  diode  and 
allowing  the  charge  on  the  water  capacitor  to  bleed 
through  R  and  R  (refer  to  Pig.  3).  The  data  shows 
only  a  slight  improvement  ('10%)  in  breakdown  strength 
with  reduction  of  effective  stress  tines  by  a  factor 
of  25. 

The  results  shown  in  Figure  S  are  valid  only  for 
the  81  cm2  parallel  plate  geometry  used  in  the  tests. 
However,  it  should  be  expected  that,  whatever  the 
proper  area  scaling,  the  trend  shown  by  these 
experiments  would  still  hold. 

Conclusions 

This  study  indicates  very  long  time  charging  of 
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Figure  S. 

Breakdown  probability  vs.  maximum  applied  field. 
Bead  blasted  planar  stainless  steel  electrodes, 

81  cm2  area.  Gap  spacing  .Sea. 


water  lines  is  possible  with  acceptable  losses  pro¬ 
vided  the  water  is  continually  deionized  and  cooled. 

With  the  completion  of  this  work  a  fairly  com- 
plete  picture  of  the  temporal  dependence  of  the 
electrical  strength  of  water  emerges,  though  precise 
values  may  be  in  dispute  due  to  differences  in 
experimental  techniques  and  definitions,  the  view  is 
quite  simple.  For  short  times  (20ns-200ns)  the 
electrical  strength  decreases  with  increasing 
effective  stress  times  approximately  as  t*^  . 

For  teff»lus  the  decrease  is  as  t“^|3;  for 
t#ff  «  Sus  the  decrease  is  as  teff"-JS  pj.  The 

temporal  dependence  becoming  weaker  as  stress  time 
increases,  approaching  a  time  independent  threshold 
value  between  11  and  65ys.  The  threshold  value 
is  not  absolutely  sharp  but  has  a  statistical 
variation,  the  sources  of  which  remain  undefined. 

The  behavior  of  the  electrical  strength  of  water  is 
thus  qualitatively  similar  to  the  behavior  in  the 
low  dielectric  constant  insulating  oils  [R] .  The 
main  difference  is  that  the  "kink"  or  "knee"  (i.e., 
the  transition  from  temporal  dependence  to  temporal 
independency  is  less  sharp. 
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Summary 

Experiments  are  described  which  test  the  condi¬ 
tioning  effect  of  ion  bombardment  on  the  electrical 
strength  of  water  capacitors.  Ions  are  produced  in 
the  normal  glow  of  an  argon  discharge  and  impact  the 
electrode  surfaces  with  energies  up  to  2S0  eV. 
Conditioning  duration  is  controlled  so  that  each 
lattice  site  is  boabarded  on  the  average  at  least  SO 
tiaes.  After  conditioning,  the  test  cell  is  filled 
with  water  and  the  treated  electrodes  used  as  plates 
of  a  water  capacitor  (81  ca2  area,  M  cm  separation) . 
The  paraaeter  due  to  Martin  (Enaxteff 3)  is  used 
as  an  index  to  judge  the  effect  of  conditioning  on 
the  electrical  strength  of  the  water  dielectric 
capacitor.  The  lack  of  a  strong  effect  indicates 
that  surface  microinhomogeneities  do  not  contribute 
significantly  to  the  breakdown  process.  The  sur¬ 
face  morphology  of  the  discharge  conditioning  and 
the  spark  cratering  is  discussed  and  illustrated 
with  photo  micrographs. 

Introduction 

The  energy  density  of  a  capacitor  is  propor¬ 
tional  to  the  square  of  the  applied  electric  field. 
For  compactness  of  design,  the  field  should  be  as 
high  as  possible.  However,  the  electrical  stress  is 
limited  by  the  ability  of  the  capacitor  to  resist 
electrical  breakdown.  It  is  well  established  that 
the  breakdown  process  originates  at  the  water-metal 
interface,  rather  than  in  the  bulk  volume  of  the 
water  dielectric. 

The  process  of  the  subsequent  development  of  the 
spark  across  the  water  to  complete  the  breakdown  has 
received  experimental  attention.1  But  the  process 
which  first  produces  the  primordial  surface  plasma 
initiating  the  breakdown  is  not  understood.2  Nor  is 
the  role  of  surface  properties  clear.  Achieving 
higher  breakdown  fields  will  require  knowledge  of 
the  influence  of  such  properties  as  microin¬ 
homogeneities  due  to  oxide  patches,  dielectric 
occlusions,  microwhiskers  and  so  on.  This  paper 
describes  experimental  studies  to  assess  the  role 
of  the  surface  microstructure  by  treating  the 
surface  with  ion  bombardment  from  the  normal 
glow  of  an  argon  discharge.  Surface  treatment 
of  this  kind  is  not  new,  Witcoab1  for  example 
investigated  this  method  for  cleaning  stainless 
steel  substrates  of  superconducting  A.C.  power 
cables.  Argon  was  selected,  not  only  for  its 
availability  and  chemical  inertness  but  because 
its  atomic  weight  is  near  that  of  metal  lattice 
atoms,  assuring  good  momentum  exchange  compared 
to  helium  or  neon. 


Apparatus  and  Method 

The  apparatus  used  for  the  evaluation  of  the  ion 
bombardment  process  has  been  described  in  previous 
papers.4’5  Hence,  only  a  brief  description  will  be 
given.  A  schematic  of  the  system  can  be  seen  in 
Figure  2  of  the  previous  paper,  the  blocking  diode 
was  not  employed  in  the  present  work. 

The  water  conditioning  system  maintains  high  water 
purity,  deaeration,  constant  temperature  and  provides 
a  non- turbulent  flow  of  this  water  into  and  away  from 
the  test  cell.  The  water  resistivity  is  always  greater 
than  18  MS-cm.  Constant  temperature  is  maintained  by 
the  heat  exchanger  and  is  monitored  with  thermistor 
temperature  probes.  Deaeration  is  achieved  by  pulling 
a  vacuum  on  a  column  of  the  water  with  a  mechanical 
pump  via  a  cold  trap  consisting  of  an  alcohol-dry  ice 
slurry. 

The  electrical  system  consists  of  a  ten  stage 
Marx  generator  capable  of  S00  kV  maximum,  several 
resistor  probes  and  the  electronics  and  oscilloscope 
necessary  to  record  the  voltage  across  the  water 
capacitor.  The  erection  time  of  the  Marx  is  on  the 
order  of  a  couple  of  hundred  nanoseconds.  Negative 
potential  was  applied  to  the  top  electrode  (bottom 
electrode  at  ground  potential)  through  a  copper  sul¬ 
fate  charging  resistor.  The  voltage  is  measured  using 
a  copper  sulfate  dividing  resistor  and  its  time 
dependent  form  is 

V(t)-0.71Vo(e'alt  .  8-»2t)  (1) 

where  V„  -  Erected  Marx  Voltage 
2/“l  *  SMARX  cMARX  *  2°  W» 
l/“2  *  Rcharge  resistor(Cmater  ♦  CSTRAY)’2u*. 

A  new  test  cell  was  constructed  so  that  both 
plasma  conditioning  and  water  breakdown  tests  could  be 
performed  without  moving  the  electrodes  from  the  break¬ 
down  test  configuration  and  without  exposing  them  to 
the  atmosphere.  The  plasma  conditioning  system  is  shown 
in  Figure  1.  The  new  test  cell  is  a  plexiglass 
cylinder  with  stainless  steel  end  caps.  The  end  caps 
are  sealed  against  the  plexiglass  with  an  O-ring 
fitting  and  access  is  provided  through  valves  in  the 
end  cap  for  high  purity  water  and  the  conditioning  gas. 
The  cylinder  internal  dimensions  are  8  inches  diameter 
by  12  inches  in  heitfjt.  Parallel  orientation  elec¬ 
trodes  are  centered  in  the  cylinder.  A  movable,  small 
mesh,  stainless  steel  screen  eliminated  the  transfer  of 
impurities  from  the  cylinder  wall  to  the  electrodes  by 
conditioning  plasma-wall  interactions. 


‘Sponsored  by  NSHC  Independent  Research  Program 
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ELECTRODE  CONDITIONING 
APPARATUS 


Figure  1.  Schematic  of  the  plasma  conditioning 
apparatus  for  the  water  capacitor 
electrodes . 


The  strategy  for  the  experiments,  which  is  sum¬ 
marized  in  Table  I,  was:  prepare  a  set  of  electrodes, 
run  a  series  of  breakdown  tests  as  a  control ,  resur¬ 
face  and  prepare  the  electrodes  again,  plasma  condition 
and  then  run  another  set  of  breakdown  tests  to  deter¬ 
mine  the  effect  of  the  plasma  conditioning  as  compared 
to  the  control  tests. 


TABLE  I:  SUMMARY  OF  EXPERIMENTAL 
PROCEDURE 


ELECTRODE 

COMMENT 

MATERIA! 

SUMAC! 

ia 

MU 

•CM  BUSTED 

cmmwi 

i  ■ 

m  tt 

KAO  MASTED 

PLASMA- CONDITIONED 

h  a 

electrolytic  cu 

KAO  BUSTE0 

CONTROL  —  -FRESH"  CU 

H  g 

electrolytic  cu 

KAO  susno 

CONTROL  —  -ASEOr  CU 

II  c 

electrolytic  cu 

BCAO  susno 

PLASMA- CONDITIONED 
FRESH  CU 

III  A 

MU 

FOUSMED 

CONTROL 

IN  g 

MU 

POLISHED 

PLASMA- CONDITIONED 

technique  has  been  used  previously4’  5  because  it  yields 
a  reproducible,  well  characterized  surface.  Polished 
refers  to  a  stepped  mechanical  polish  technique  uti¬ 
lizing  grinding  wheels  of  320,  400,  then  600  grit 
followed  by  alumina  particle  polishing  with  1.0,  0.3 
and  0.05  urn  alumina  particles.  This  surface  was  not 
totally  reproducible  as  stray  scratches  could  cause 
sharp,  unpredicted  gradients  in  the  contour  of  the 
electrode.  This  surface  was  chosen  for  study  in  the 
hope  that  the  flatter  contour  would  yield  better  break¬ 
down  behavior. 

The  adjectives  "fresh"  and  "aged"  used  in  conjunc¬ 
tion  with  copper  electrodes  refers  to  a  behavior  found 
in  copper  only.  Copper  electrodes  exposed  to  the  water 
in  the  test  cell  for  a  short  time  (1/2  day)  had  less 
favorable  breakdown  characteristics  than  copper  elec¬ 
trodes  imersed  in  water  for  some  time  (approximately 
1  week).  During  this  time,  a  very  thin  oxide  dis¬ 
coloration  develops.  The  copper  electrodes  used  in 
the  plasma  conditioning  experiments  were  "fresh". 

Conditioning  time,  gas  pressure  and  other  plasma 
conditioning  parameters  were  chosen  for  each  set  of 
experiments  to  produce  an  electrode  surface  with  a 
required  minimum  average  number  of  ion  bombardments 
per  atomic  lattice  site  of  at  least  50.  In  all  cases 
the  plasma  had  a  stable,  homogeneous  glow  over  the 
entire  electrode  breakdown  surface.  The  plasma  char¬ 
acteristics  were  those  of  a  normal  glow  as  defined  by 
Brown6  which  was  then  used  to  determine  cathode  fall 
and  the  plasma  parameters.  The  characteristic  curve 
of  the  plasma  is  plotted  in  Figure  2. 


m  m  m  m 


J/p*  (pA/cm*  TORR*) 

Figure  2.  Graphical  presentation  of  the  condi¬ 
tioning  plasma  parameters.  Note  that 
the  potential  drop  across  the  plasma  is 
independent  of  j/p2. 


A  suMary  of  the  calculated  effects  for  the  three  sets 
of  conditioning  treatments  is  shown  in  Table  II. 


Two  different  surface  preparations  were  used: 
bead  blasted  and  polished.  Bead  blasted  refers  to 
glass  bead  blasting  (Zero-Blast-N-Peen,  size  801, 
MIL-G-9954A) .  The  scale  of  surface  irregularity  in¬ 
duced  on  the  electrode  surface  was  on  the  order  of  the 
individual  glass  beads,  about  125  urn.  This  surfacing 


TABLE  II:  PROCEDURAL  PARAMETERS 
AND  CALCULATED  PROPERTIES  FOR 
PLASMA  CONDITIONED  ELECTRODES 


1  B 

II  C 

III  B 

GAS 

95*  A  5%  Hj 

ARGON 

ARGON 

MEAN  PRESSURE 

0.570  T0RR 

0.570  T0RR 

0.715  TORR 

CONDITIONING  TIME/ 
ELECTRODE 

IS  hr 

20  hr 

20  hr 

MEAN  CURRENT  ON 
BREAKDOWN  SURFACE 

—4.4  aA 

— '10.5  mA 

'-10.0  mA 

MEAN  NUMBER  OF  A+ 
BOMBARDMENTS/ 
ATOMIC  LATTICE  SITE 

50 

134 

121 

MEAN  A+  KINETIC 
ENERGV/ BOMBARDMENT 

0.13  tV 

0.13  sV 

0.13  sV 

LARGEST  PROBABLE 

A+  KINETIC  ENERGY/ 
CONDITIONING 

3.3  *V 

4.1  sV 

4.0  tV 

The  figure  of  merit  used  to  judge  the  breakdown 
behavior  for  a  system  of  electrodes  was  developed  from 
the  work  of  J.  C.  Martin.7  The  figure  of  aerit  M  is 
given  by 

M  »  Emax  A-1/10  (2) 

where  i«.  is  the  maxima  electric  field  in  the  wateT, 
trff  is  the  effective  tine  -  defined  as  the  interval 
during  which  the  field  exceeds  0.63  5«r  -  and  A  is 
the  surface  area  of  the  electrodes  which  experiences 
90%  or  more  of  the  field.  A  was  measured  on  the  elec¬ 
trode  while  Ifcax  and  t^f  were  determined  fro*  the 
voltage  trace.  This  figure  of  aerit  was  chosen  so  we 
could  relate  results  of  these  experiments  to  previous 
work  done  on  water  breakdown  at  NSWC.  Defined  this 
way,  M  is  based  on  tests  which  always  broke  down. 

Breakdown  Results 


The  numerical  results  for  the  three  sets  of 
experiments  are  tabulated  in  Table  III.  The  figure  of 
aerit,  M,  for  plasoa  conditioned  electrodes  is  always 
found  to  be  slightly  less  than  for  untreated  electrodes ; 
the  decrease  is  much  less  than  one  standard  deviation. 

A  decrease  in  the  statistical  variation  of  M  was  ob¬ 
served  for  the  conditioned  electrodes. 

Each  sequence  consisted  of  at  least  40  tests  for 
statistics  considerations.  The  conditioning  treatments 
were symsetrlc  for  each  electrode  with  an  average  argon 
ion  energy  around0.8eV.  The  current  density  on  the 
electrodes  was  found  to  decrease  as  plasoa  conditioning 
continued  so  a  model  based  on  electron  eaission  fron 
the  electrodes  does  not  explain  the  breakdown  behavior 
in  this  study.  The  long  conditioning  tines,  nimber  of 
ion  bombardments  and  energy  of  the  argon  ions  (which 
was  sufficient  to  raise  the  energy  state  of  individual 
iron  atom  to  the  point  of  aelting)  assured  the  de¬ 
struction  of  aicroinhoaogeneities  (i.e.,  microwhiskers, 
etc).  So  this  aechanisa  is  not  viable  as  an  explana¬ 
tion  for  the  breakdown  behavior  found  In  this  study 
either. 


TABLE  III:  RESULTS  OF  PLASMA 
CONDITIONING  OF  ELECTRODES 


EXPERIMENT 

MEAN  MARTIN* 
NUMBER  <M> 

x  ioo% 

NUMBER  OF 
TESTS 

1  A 

0.574 

14.1% 

41 

1  B 

0.549 

12.6% 

41 

II  A 

0.441 

10.0% 

111 

II  B 

0.540 

8.1% 

so 

II  C 

0.432 

7.8% 

43 

III  A 

0.504 

15.9% 

40 

III  B 

0.410 

15.2% 

40 

The  post  test  observations  of  the  electrode  sur¬ 
faces  were  quite  informative.  The  crater  distribution 
on  the  bead  blasted  surface  of  both  the  copper  and 
stainless  steel  electrodes  was  found  to  be  relatively 
random  in  spatial  distribution  (see  Figure  3) .  This 
observation  supports  previous  consideration  that  spark 
cratering  does  not  create  a  sufficient  disturbance  in 
the  bead  blasted  contour  to  constitute  a  weakest  link 
for  the  next  breakdown  occurrence.  (The  total  energy 
dissipated  in  a  breakdown  is  >10  Joules).  However, 
the  CTater  distribution  on  the  polished  surface  is 
not  random  (see  Figure  4)  which  indicates  that  soli¬ 
tary  surface  inhomogeneities  are  worse  than  a  uniformly 
inhomogeneous  surface. 


Figure  3.  Photograph  of  a  bead-blasted,  stainless 
steel  electrode  after  water  breakdown 
tests.  Note  the  spatial  randomness  of 
the  craters. 
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Figure  4.  Photograph  of  a  polished,  stainless  steel 
electrode  after  water  breakdown  tests. 
Note  the  grouping  of  the  spark  craters . 


Figure  6.  Higher  magnification  micrograph  of  the 

austenitic  grains.  The  smallest  division 
of  the  reticle  is  0.0005  inches  in  this 
and  all  other  micrographs. 


Spark  Crater  Morphology 


Due  to  the  difficulty  in  observing  grain  boundaries 
and  other  structural  features  on  bead  blasted  surfaces, 
only  the  polished  stainless  steel  electrodes  were  ex¬ 
amined.  These  electrodes  were  examined  before  and 
after  plasma  conditioning  and  before  and  after  spark 
cratering.  An  etch- like  effect  was  observed  near  the 
spark  craters  which  decreases  away  from  the  craters. 

The  micrograph  in  Figure  S  reveals  the  grain  boundaries 
and  twins  within  the  grains  made  visible  by  the  slight 
electrolytic  etch  effect  of  dissociated  water  near  the 
crater.  Mechanical  twins,  as  defined  by  Reed-Hill , 9 
are  a  mode  of  plastic  deformation  -  a  result  of  applied 
stress.  The  atoms  within  the  twins  are  realigned  into 
the  original  crystal  structure  but  with  a  different 
orientation  than  the  other  atoms  within  the  grain.  The 
twins  visible  in  Figure  5  and  at  higher  magnification 
in  Figure  6  are  the  result  of  the  mechanical  shock  of 
crater  formation  radiating  out  from  the  site  of  the 
spark  crater. 


A  range  of  grain  size  was  noted  -  some  of  the 
smaller  grains  were  photographed  at  800X  in  Figure  7. 
Figure  7  also  shows  that  the  twins  do  not  cross  the 
grain  boundaries.  The  average  grain  size  is  ASTH  #6  - 
an  expected  value  for  this  stainless  steel  (see 
Figure  8). 

The  micrograph  shown  in  Figure  9  depicts  a  sharp 
ridge  formed  between  two  spark  craters.  The  light 
source  is  located  at  the  left  edge  of  the  micrograph 
and  the  shadow  from  the  ridge  can  clearly  be  seen. 
These  ridge  formations  were  observed  in  several  loca¬ 
tions  on  the  polished  electrodes  and  may  be  the  reason 
for  the  disparity  in  spark  rate  grouping  seen  in 
Figure  4  as  opposed  to  Figure  5.  The  field  enhance¬ 
ment  along  the  ridge  may  lead  to  preferred  breakdown 
sites  near  craters  as  opposed  to  random  breakdown  on 
the  electrode  surface.  This  clearly  demonstrates  the 
large  stresses  to  which  the  metal  is  subjected  upon 
crater  formation. 

Another  interesting  feature  disclosed  in  the 
microscopic  examination  is  the  j.  esence  of  solidified 
melt  near  craters  on  the  positive  electrode  and  the 
lack  of  such  an  indication  on  the  negative  electrode 
see  Figures  10,  11  and  12.  This  is  consistent  with 
the  observation  that  the  breakdown  process  begins  at 
the  anode  where  a  spark  erupts  in  a  relatively 
gradual  manner  and  impacts  suddenly  into  the  cathode 
(top  electrode).  The  possibility  that  melt  formation 
does  occur  on  the  top  electrode  and  is  not  observed 
because  the  liquid  metal  fell  on  the  bottom  electrode 
is  unlikely  since  metal  droplets,  as  the  solitary 
example  in  Figure  13,  are  not  found  in  sufficient 
quantities  to  support  this  mechanism. 


Figure  5.  Micrograph  of  a  polished  stainless  steel 
electrode  after  breakdown  tests.  Note 
that  the  surface  structure  is  visible  only 
in  the  region  near  the  crater. 
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Figure  7.  Very  high  magnification  micrograph  of 
Che  austenitic  grains.  Note  the  twins 
within  each  grain. 


Figure  S.  ASTM  grain  size  overlay  micrograph. 

Grain  size  of  the  304  stainless  steel 
is  approximately  *6. 


Figure  9.  Micrograph  of  the  sharp  ridge  formed 
between  two  craters . 


Figure  10.  Micrograph  of  the  anode  electrode 
showing  crater  grouping  and 
solidified  melt. 


5* 
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Figure  11.  Higher  magnification  micrograph  of  the 
anode  electrode  revealing  the  approx¬ 
imate  sizes  of  the  crater  and  the 
solidified  melt. 


Figure  13.  Micrograph  of  an  isolated  melt  droplet 
on  the  bottom  electrode  (anode) .  Only 
one  other  feature  like  this  was  observed. 


Figure  12. 


Micrograph  of  the  cathode  electrode 
revealing  the  lack  of  solidified  melt. 


Discussion 

The  argon  ion  bombardment  of  electrodes  did  not 
produce  a  beneficial  effect  on  the  water  breakdown 
characteristics.  The  figure  of  merit  for  conditioned 
electrodes  was  actually  slightly  less  than  that  for 
non -conditioned  electrodes,  but  the  difference  was 
well  within  one  standard  deviation.  The  statistical 
scatter  for  the  conditioned  electrodes  was  slightly 
less  than  that  of  non-conditioned  electrodes  but  the 
reason  for  this  result  remains  unclear.  The  plasma 
conditioning  did  decrease  the  electron  emissivity  by 
approximately  a  factor  of  2;  hence,  if  surface  work 
function  were  a  significant  parmetor  of  the  breakdown 
process  we  would  have  expected  a  beneficial  rather 
than  degrading  effect  from  conditioning. 

The  metallography  of  the  craters  yielded  some  very 
interesting  observations.  The  large  degree  of  twinning 
in  the  austenitic  grains  and  the  sharp  ridges  found  on 
the  electrode  surfaces  suggests  heavy  stressing  of  the 
metal  during  crater  formation  and  a  mechanism  to 
explain  the  grouping  of  spark  craters  on  the  polished 
electrodes  (i.e.,  field  enhancement  along  the  ridges). 
Also  there  were  indications  that  the  breakdown  started 
from  the  anode  and  proceeded  to  the  cathode. 

Finally,  the  argon  ion  bombardment  probably  removed 
the  passivating  layer  of  chromium  oxide,  thus  allowing 
metal  ions  from  the  anode  to  participate  in  the  break¬ 
down  process. 

Suggestions  for  Future  Work 

Further  investigation  of  the  influence  of  the 
electrode  surface  on  the  breakdown  process  is  required. 
Particular  attention  should  be  devoted  to  potential 
effectiveness  of  protective  oxide  layers  -  their 
mechanical  and  electrical  properties  being  of  prime 
importance.  Specifically  copper  oxide  on  copper  elec¬ 
trodes  -  because  of  the  semiconducting  nature  of  copper 
oxide  -  and  chromium  oxide  on  stainless  steel  elec- 


trodes  -  because  of  its  favorable  protective,  mechaai- 
cal  property  -  should  be  investigated.  Both  films  also 
have  the  advantage  of  being  easily  reformed  after  de¬ 
gradation  of  an  initial  layer. 

Since  the  mechanism  of  breakdown  initiation  still 
is  not  known  it  is  possible  that  different  ion  bom- 
bardment  conditions  could  be  useful  to  clean  electrode 
surfaces  or  produce  a  beneficial  surface  reaction  (i.e. 
ion  implantation  alloying).  But  the  lack  of  any 
beneficial  results  in  this  study  raise  doubts  as  to 
the  probability  of  success  for  such  treatments. 
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Suwnary 

With  the  advent  of  low-cost  honeycomb  extrusions  of 
polypropylene  sheets,  transmission  line  flash  chambers 
have  become  highly  attractive  candidates  for  large  par¬ 
ticle  detector  arrays.  This  has  brought  about  the  need 
for  repetitive  pulse  systems  that  must  provide  excep¬ 
tionally  high  peak  currents,  low  levels  of  spurious  ra¬ 
diation,  high  reliability,  and  shot  life  in  excess  of 
107.  Each  module  of  10  flash  chambers  requires  a  peak 
current  of  20  kA  with  a  current  dl/dt  greater  than 
1  MA/us.  The  pulsar  output  must  develop  *  7  kV  across 
a  load  of  0.5  ft  with  a  pulse  width  of  500  ns.  The  com¬ 
plete  system  will  require  40  pulsers  run  In  parallel 
for  a  combined  current  output  of  1.4  MA  peak  with  a  sys¬ 
tem  dl/dt  of  40  MA/us.  The  repetition  rate  will  be  up 
to  2  Hz.  This  paper  describes  the  development  of  such 
a  system,  its  unique  voltage  and  current  diagnostics, 
and  the  Impact  of  the  physical  limitations  of  present 
component  technology  on  lifetime,  reliability,  main¬ 
tainability,  and  pulse  fidelity. 

Introduction 

In  an  article  published  in  Nuclear  Instnanents  and 
Methods,  Volume  158,  page  289  (1979),  a  system  was  dis¬ 
cussed  which  allowed  rapid  data  collection  from  parti¬ 
cle  detectors  known  as  "flash  chambers.”  A  flash 
chamber  consists  of  a  noble  gas  mixture  confined  be¬ 
tween  two  conducting  plates  In  a  dielectric  container. 
The  conducting  plates  are  pulsed  to  a  high-voltage 
level  In  coincidence  with  the  passing  of  a  charged 
particle  and  a  plasma  Is  then  formed  In  the  dielectric 
container.  At  this  point,  the  data  may  be  extracted 
optically  or,  In  some  cases,  electrically.  Until  re¬ 
cently,  data  collection  from  flash  chambers  was  a  slow 
and  tedious  process  because  a  photographic  method  was 
employed.  Complexity  of  construction  and  high  cost 
have  also  curtailed  the  use  of  these  novel  detectors, 
but  with  the  advent  now  of  low-cost  honeycomb  extru¬ 
sions  of  polypropylene  sheets,  flash  chambers  (Fig.  1) 
have  become  very  attractive  components  for  large  parti¬ 
cle  detector  arrays.  The  flash  chamber  readout  system 
developed  at  LASL  can  output  data  at  a  rate  >2.5  x  10“ 
bits  per  Interrogation.  The  period  of  one  Interroga¬ 
tion  Is  less  than  0.01  s  as  compared  to  the  previous 
optical  system  outputs  of  several  hundred  bits  requir¬ 
ing  seconds  or  minutes  to  accumulate.  It  Is  clear  that 
this  new  readout  method  will  be  of  considerable  utility. 


Fig.  1. 


At  that  point  In  the  system  development,  however.  It 
was  dependent  on  substantial  technology  base  develop¬ 
ments  In  the  high-voltage  pulse  power  driver. 

Figure  2  shows  a  simplified,  overall  block  diagram 
of  the  Instrumentation  system.  In  this  system,  the 
flash  chamber  readout,  high-voltage  pulser,  and  the 
voltage  monitors  are  the  major  areas  of  development. 

The  high-voltage  pulser  Is  the  focal  point  of  this 
report.  This  pulser  can  be  divided  into  four  separate 
areas:  the  load,  energy  storage,  load-to-pulser  Inter¬ 
face,  and  switch.  These  areas  will  be  discussed  In 
this  order. 


flash 

CHAMBERS 


Fig.  2. 


The  Load:  The  flash  chambers  for  this  system  are 
3-1/2  m  by  5-1/2  m  with  a  thickness  of  5  mm,  and  are 
clad  on  both  sides  with  0.05  mm  of  aluminum  foil ,  form¬ 
ing  a  parallel  plate  capacitor  with  a  capacity  of  20  nF. 
Since  these  chambers  have  dimensions  comparable  to  the 
pulse  rise  and  fall  times,  they  cannot  be  treated  as 
conventional  transmission  lines.  Instead,  they  are 
being  analyzed  more  as  distributed  capacitive  and  In¬ 
ductive  elements  than  a  true  transmission  line.  In 
order  to  have  a  point  of  reference,  the  Impedance  of  a 
chamber  was  measured  and  found  to  be  *5  ft,  and  the 
transit  time  was  measured  to  be  10  ns.  The  above  para¬ 
meters  constitute  the  predominant  characteristics  of 
the  flash  chamber  as  an  electrical  load.  In  the  plan¬ 
ned  experiment,  there  will  be  400  flash  chambers  and 
each  pulser  will  have  to  drive  a  module  consisting  of 
10  chambers.  This  means  a  load  of  0.5  ft  and  200  nF  for 
each  pulser. 

Energy  Storage:  FOr  high  resolution  and  peak  effl- 
clency,  tneflasn  chamber  requires  a  rectangular  high- 
voltage  pulse  with  a  duration  dependent  on  the  chamber's 
physical  size  (In  our  case,  500  ns  and  a  source  Impe¬ 
dance  of  5  ft).  A  pulse-forming  network  (PFN),  ms  used 
to  meet  these  needs.  In  the  first  stages  of  PFN  design, 
computer  modeling  as  used  to  arrive  at  a  prototype 
design.  This  prototype  PFN  ms  then  tested  under  load 
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conditions  and  adjusted  to  compensate  for  distributed 
parameters  not  Included  In  the  modeling  program.  Since 
high-peak  currents  and  low  inductance  are  required  In 
conjunction  with  a  lifetime  of  107  shots  (MTBF,  90S 
confidence  level),  capacitor  selection  was  nontrivial. 
Figure  3  shows  the  data  from  which  capacitors  for  the 
PFN  were  selected.  Although  the  Axel  capacitors  seem 
the  most  likely  candidate,  budgetary  restraints  re¬ 
quired  a  more  cost-effective  choice.  Considering  the 
lifetime  cost  and  ESR  data,  the  emphasis  has  been 
placed  upon  the  development  of  a  PFN  utilizing 
mylar  capacitor  manufactured  by  Condensor  Products. 


MANUFACTURE 

TYPE 

SHOT  UPC 

ESR 

COST 

(SINGLE  UNIT) 

AXEL 

MP-34W 

K>* 

ASA 

*7200 

CONOCNSER 

MSS- 103 

MOOUCTS 

-IS  MX 

232  a 

*200 

MUfUTA 

OHS 

»4 

41  A 

*200 

SFRAUOC 

720 C 

10* 

20S  A 

*200 

ALL  CAPACITOR  WERE  IO«r  UNITS 
CAPACITOR  DATA 

Fig.  3. 


load-to-Pulser  Interface:  In  transmitting  the  power 
from  the  switch  and  Pttl  assembly  to  the  chambers,  the 
characteristics  of  both  strip-line  and  coaxial  trans¬ 
mission  lines  have  been  assessed.  Coaxial  lines  have 
yielded  the  best  results  so  far  and  seem  to  be  the  most 
cost-effective.  Figure  A  Illustrates  the  pulser-to- 
load  Interface  geometry.  The  pulse  Is  fed  to  the  mod¬ 
ule  via  ten  bundles  of  coaxial  cable,  each  bundle  con¬ 
sisting  of  six  31 -n  cables  In  parallel.  Each  module  Is 
fed  evenly  along  one  edge  and  Is  terminated  along  the 
edge  opposite  the  feed. 


The  Switch:  After  an  extensive  market  study  and 
vendor  Interactions,  an  EGlG  thyretron  was  chosen  for 
Initial  prototyping.  The  choice  of  a  thyratron  over  a 
spark  gap  was  based  on  the  low  spurious  noise  require¬ 
ment  and  a  >107  shot  life.  EG&G  has  developed  a  new 
grounded  grid  thyratron,  the  HY-1313B,  for  our  specific 
application.  Figure  5  shows  the  HY-1313B  pulser  sche¬ 
matic  and  Fig.  6  shows  the  physical  layout.  The  thyra¬ 
tron  Is  mounted  upside  down  In  order  to  reduce  the  out¬ 
put  lead  length  as  much  as  possible.  Ten  PFNs  surround 
the  HY-1313B  In  a  folded  wagon-wheel  arrangement.  This 
geometry  allows  very  close  placement  of  the  first  mesh 
of  the  PFN  while  conserving  space  by  folding  mshes  two 
and  three.  To  date  we  have  tested  the  Hy- 1 31 3fi  to  a 
peak  current  of  20  x  10*  A  at  the  10J  to  90S  points 
Into  a  0,5-n,  200-nF  load  and  were  able  to  obtain  a 
current  rise  time  of  16  ns  (this  means  a  dl/dt  of 
1.25  MA/us)  (Fig.  7)  and  a  maximum  peak  current  of 
32  x  10’  A  with  a  voltage  rise  time  of  50  ns  (Fig.  8). 
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Fig.  A. 


Hy  1313  B  PULSER  PHYSICAL  LAYOUT 

Fig.  6. 
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Conclusion 

Considering  shot  life,  cost,  and  ESR,  the  Condensor 
Products  capacitors  are  being  used  for  further  testing 
of  the  PfN.  The  HY-13138,  at  the  present  stage  of  test¬ 
ing,  has  successfully  driven  100<  of  the  load  and  looks 
acceptable  at  this  time.  It  appears  that  several 
changes  could  Improve  system  performance— a  further 
compression  of  component  density  In  the  vicinity  of  the 
HY-1313B,  and  use  of  the  lower  ESR  Axel  capacitors. 


Pig.  8. 


Both  could  have  a  significant  effect  on  current  rise 
time.  In  addition,  use  of  a  ferrite  toroid  surrounding 
the  thyratron  to  Improve  switching  time  might  also  be 
beneficial . 
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Introduction 

This  paper  describes  the  requirements,  design,  and 
operation  of  a  modulator  for  a  series  of  pulsed  Extended 
Interaction  Oscillators  (EIO's)  operating  at  93,  140,  and  220 
GHz.  Important  system  requirements  were  an  extremely 
flat  top  pulse  to  minimize  frequency  modulation  during  the 
transmitter  pulse,  coupled  with  the  fast  rise  and  fail  times 
required  for  the  high  range  resolution  system.  These 
requirements  were  met  by  developing  a  non-saturating, 
hard-tube  modulator  that  provides  pulse  widths  of  20  to 
200  ns  adjustable  in  increments  of  10  ns.  This  modulator 
permitted  pulsing  of  the  EIO  cathode  with  less  than  30  V 
departure  from  a  flat  top  for  the  approximately  13  KV 
cathode  pulse. 

The  operation  of  the  EIO's  and  the  specific 
characteristics  which  lead  to  the  generation  of  modulator 
requirements  are  briefly  discussed.  Next,  the  design  and 
fabrication  of  the  modulator  are  described  in  some  detail, 
with  particular  emphasis  on  techniques  used  to  obtain  fine 
grain  pulse  shaping.  Finally,  performance  of  the  moduia- 
tor-EIO  combination  is  reviewed,  with  emphasis  on  how  RF 
performance  is  affected  by  trite-modulator  interaction. 

Cathode-Pulsed  Extended  Interaction  Oscillators1,2’^’* 

The  Extended  Interaction  Oscillator  (EIO)  is  a 
source  of  high  peak  power  at  millimeter  wave  (mmw) 
frequencies.  The  EIO  is  a  linear  beam  device  in  which  an 
electron  beam  is  formed  by  a  pulsed  gun.  After  being 
focussed,  the  beam  passes  through  a  slow  wave  structure, 
coupling  energy  into  the  RF  field.  Unlike  a  magnetron, 
most  of  the  electrons  pass  through  the  interaction  region 
to  a  collector  so  that  the  beam  energy  is  dissipated  away 
from  the  delicate  RF  structure.  Also,  the  cathode  of  the 
EIO  is  removed  from  the  interaction  region  permitting  a 
substantial  increase  in  size  to  obtain  low  current 
densities.  This  gives  the  EIO  an  average  power  capability 
that  is  much  higher  than  mmw  magnetrons  and  a  typical 
tube  life  greater  than  1000  hours.  The  operation  of  go 
GHz  magnetrons  to  obtain  comparable  lifetimes  has 
required  the  detection  of  arcs  in  the  magnetron  and 
shutting  down  the  modulator  before  the  magnetron  suffers 
severe  damage. 

The  operating  characteristics  of  several  pulsed 
EIO's  are  given  in  Table  1.  The  beam  voltage,  or  cathode 
voltage  (VK),  is  typically  -21  KV.  The  cathode  is  negative 
with  respect  to  the  anode.  The  anode  voltage  (VA),  varies 
with  tube  power  and  frequency.  The  EIO  can  be  operated 
by  DC  biasing  the  anode  and  cathode  at  and  pulsing  the 
cathode  to  VK  or  by  pulsing  both  the  anode  and  cathode 
from  ground  to  their  operating  voltages. 
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The  pulse  behavior  of  the  EIO  differs  from  the 
biased  diode  nature  of  the  magnetron  in  that  the  EIO 
behaves  like  an  almost  resistive  load  (being  a  space  charge 
limited  diode  for  which  I*  =  K(V  Also,  the  peak 

cathode  current  of  the  ETO  is  about  one  tenth  the  peak 
current  of  a  comparable  magnetron.  To  provide  fast  pulse 
rise  and  fail  times,  however,  the  modulator  must  be 
capable  of  supplying  many  times  this  current  to  charge  and 
discharge  the  cathode  stray  capacity. 

Figure  1  shows  the  variation  of  output  power  and 
frequency  with  beam  voltage  for  constant  beam  current  in 
a  typical  93  GHz  EIO.  Note  that  no  RF  is  produced  until 
Vv  reaches  about  805 6  of  the  voltage  at  the  peak  power 
point.  The  EIO  operating  frequency  increases  with  VK  at  a 
rate  of  about  120  KHz/Volt,  at  the  peak  power  point/  This 
rate  has  varied  30%  with  mechanical  tuning  position  for 
some  tubes.  One  93  GHz  EIO  had  a  660  MHz  electronic 
tuning  range  over  a  1  dB  power  variation. 


RF  POWER  (WATTS) 


Figure  I.  EIO  Power  and  Frequency 
vs.  Voltage 
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Transmitter  Requirements6 

The  minimization  of  frequency  variations  during  the 
RF  pulse  requires  that  the  cathode  voltage  pulse  be  flat. 
The  degree  of  flatness  depends  on  the  amount  of  FM 
acceptable  and  the  frequency-voltage  pushing  factor  for 
the  EK).  To  investigate  injection  locking  of  the  ElO  for  a 
coherent  transmitter,  it  was  decided  that  the  cathode 
pulse  should  be  flat  within  50  volts  out  of  21  KV  (13  KV 
pulse,  8  KVDC)  for  a  95  GHz  EIO.  A  series  of  modulators 
allowing  precisian  manual  control  of  the  output  voltage 
pulse  shape  were  developed  to  provide  a  high  degree  of 
pulse  stability.  System  requirements  called  for  a  pulse 
width  variable  from  40  ns  to  200  ns  with  10%  to  90%  rise 
and  fall  times  of  20  ns.  The  50  V  flatness  should  be  at 
least  150  ns  out  of  200  ns.  The  development  of  these 
modulators  for  95  GHz,  140  GHz  and  220  GHz  pulsed  EIO's 
was  sponsored  by  the  U.S.  Army  under  contracts  DAAG39- 
7S-R-9061  (Harry  Diamond  Labs),  DAAK40-7S-C-0158 
(M1COM)  and  DAAK70-79-C-0108  (Night  Vision  Lab). 

The  EIO  Pulse  Modulator 

Block  Diagram 

The  block  diagram  of  the  EIO  pulse  modulator  is 
shown  in  Figure  2.  When  triggered  by  a  TTL  pulse,  the 
incrementally  adjustable  pulse  diaper  generates  a  pulse 
that  can  be  shaped  in  10  ns  increments.  This  pulse  is  then 
amplified  by  a  linear  15  KV  hard  tube  pulse  amplifier.  The 
pulse  shaping  is  required  to  compensate  for  the  inherent 
non-linearities  of  a  high  voltage  non-saturated  hard  tube 
modulator.  The  output  of  the  pulse  amplifier  is  coupled  to 
the  cathode  of  the  EIO  to  produce  the  RF  pulse.  The 
collector  peak  current  1^.,  which  is  proportional  to  the 
cathode  pulse  voltage,  is  monitored  by  a  peak  detector. 
The  voltage  from  the  peak  detector  is  used  to  regulate  the 
output  pulse  amplitude  through  the  pulse  amplitude  control 
operational  amplifier.  The  operational  amplifier  feeds  a 
stabalization  voltage  to  the  pulse  shaper  which  corrects 
the  pulse  amplitude. 


loading  of  the  delay  line.  Figure  4  shows  the  logic  used  to 
generate  a  10  ns  pulse  from  one  section  of  the  pulse  logic 
circuit.  The  buffered  delay  line  pulse  is  NANDED  with  die 
inversion  of  the  pulse  from  the  previous  tap  to  produce  a 
10  ns  pulse  at  the  output  of  each  NAND  gate.  The  leading 
edge  of  the  pulse  is  delayed  10  ns  from  the  leading  edge  of 
the  previous  pulse.  Thus,  the  output  from  each  of  the  20 
NAND  gates  is  succesiveiy  pulsed  low  for  10  ns  over  a  200 
ns  period.  Each  pulse  causes  current  to  flow  through  the 
IK  potentiometer  and  300  ohm  resistors  from  the  emitter 
of  Qj  and  also  through  Xj  into  the  emitter  of  Qj.  The 
transistors  act  as  current  sources  for  the  50  pf  integrating 
capacitor.  During  the  10  ns  pulse,  the  50  pf  capacitor  is 
charged  or  discharged  by  the  differential  current  through 
Q|  and  Qj,  which  is  set  by  adjustment  of  the  IK 
potentiometer.  At  any  10  ns  increment,  the  voltage  is 
determined  by  the  net  diange  from  the  previous 
increments.  Adjusting  a  particular  potentiometer  will  not 
affect  the  portion  of  the  pulse  ahead  of  its  position,  but 
will  change  the  remainder  of  the  pulse  after  its  position. 


INCREMENTAL  LV  ADJUSTABLE  PULSE  SHAPER 


Figure  2.  Block  Diagram  of  the 
EIO  Modulator 


Pulse  Shaper 

~  Precisian  manual  control  of  the  output  pulse  shape 
was  achieved  in  the  incrementally  adjustable  pulse 
shaper.  A  simplified  diagram  of  the  pulse  shaper  is  shown 
in  Figure  3.  The  circuit  design  is  a  hybrid  of  digital  and 
analog  devices  resulting  in  control  of  the  pulse  shape  in  10 
ns  increments. 

A  negative  going  TTL  pulse  that  is  longer  than  the 
desired  output  pulse  is  inverted  througi  a  74S140  that 
drives  two  100  ns  10  tap  delay  lines  in  series.  Each  tap  of 
the  delay  line  is  buffered  throutfi  an  ST93,  whidi  is  a 
Schott ky  inverter  with  FET  inputs,  thus  reducing  the 


Figure  3.  Simplified  Schematic  of  the 
Incrementally  Adjustable  Pulse  Shaper 


High  current  drivers  (74S140)  and  lower  resistor 
values  are  used  at  the  start  of  the  pulse  to  produce  a  fast 
rise  time.  The  first  74S140  charges  only  through  Q,,  and 
the  second  is  capable  of  sinking  greater  discharge  than 
charge  current  to  produce  a  leading  edge  spike.  The  pulse 
is  terminated  by  dumping  the  charge  through  Q,  and  a 
47  ohm  resistor  by  pulsing  the  last  74S140  low  for  a  period 
equal  to  the  length  of  the  delay  line  input  pulse.  The 
termination  time  is  selected  by  multiplexing  18  of  the 
buffered  delay  line  taps.  The  pulse  width  can  thus  be 
digitally  controlled  on  a  pulse  to  pulse  basis. 

The  voltage  across  the  50  pf  capacitor  is  buffered 
by  an  emitter  follower  Qj  and  then  stepped  up  by  a  1:2 
transformer,  The  amplitude  of  the  pulse  is  controlled 
by  reverse  biasing  the  base  emitter  junction  of  Q,  through 
the  primary  of  Xj  with  the  stabilization  voltage  from  the 
pulse  amplitude  control  operational  amplifier. 

Figure  5  shows  three  examples  of  pulse  shapes 
illustrating  the  degree  of  pulse  shape  control.  The  third 
pulse  is  the  general  shape  required  to  drive  the  pulse 
amplifier.  The  spike  on  the  leading  edge  gives  a  fast  rise 
time,  the  positive  ramp  compensates  for  droops  in  coupling 
capacitors  or  transformers. 
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(b)  Idealized  Waveform*  at  point*  (a)  above 


Figure  4.  Generation  of  10  ns  Pulses 


Figure  5.  Example*  of  Pulse  Shape* 
at  Output  of  Pulse  Shaper 

The  Puls*  Amplifier 

The  output  of  the  puls*  shaper  is  amplified  by  a  IS 
KV  linear  puls*  amplifier  as  shown  in  Figure  6.  The  pulse 
amplifier  can  be  divided  into  the  output  stage,  which  is  the 
X2172F,  and  a  driver  stage  consisting  of  three  Mtrs  in 
two  transformer  coupled  stage*.  The  pulse  is  amplified 


with  minimal  distortion  through  the  driver  to  the  grid  of 
the  X2172F.  The  high  gain,  limited  current  and  stray 
capacity  in  the  output  stage  cause  pulse  distortion)  the 
pulse  shaper  compensates  for  this  distortion.  A  low  value 
plate  load  resistor  for  the  X21 72F  is  used  to  rapidly  charge 
the  EIO  and  modulator  stray  capacity  at  the  end  of  the 
pulse.  Unfortunately,  this  makes  the  transmitter  ineffi¬ 
cient;  the  modulator  peak  output  power  is  57.4  KW  to 
obtain  an  RF  peak  power  of  1.5  KW.  The  output  pulse  is 
coupled  by  a  capacitor  to  the  EIO  cathode.  The  EIO  heater 
supply  is  isolated  through  a  bifilar  choke. 


Figure  6.  Simplified  Schematic  of  ihe 
EIO  Pulse  Modulator 


The  Amplitude  Control  Feedback  Loop 
~  Long  term  instabilities  in  the  gain  of  the  pulse 
amplifier  are  mitigated  by  using  a  closed  loop  feedback 
circuit  that  detects  the  peak  value  of  the  collector  current 
I,-  and  feeding  the  voltage  from  the  peak  detector  to  a 
high  gain  operational  amplifier  that  is  referenced  to  a 
stable  voltage  source.  Variation  of  the  reference  voltage 
controls  the  pulse  amplitude.  The  stabilization  voltage  is 
fed  to  the  emitter  follower  of  the  pulse  diaper  through 
X2>  The  peak  current  in  the  EIO  is  actively  held  constant 
for  any  pulse  diape.  This  complicates  the  response  of  the 
modulator  to  an  adjustment  of  a  particular  pulse  shaper 
potentiometer.  Some  adjustment  experience  is  required 
before  the  desired  pulse  shape  is  obtained. 

Modulator  Performance 

Figure  7  shows  the  Rf  pulse,  cathode  voltage  pulse 
(Vg)  and  collector  current  pulse  (Ip)  obtained  by 
modulating  a  95  GHz  EIO.  The  absence  of  ringing  on 
current  pulse  was  achieved  by  grounding  the  body  of  the 
EIO  directly  to  the  diield  around  the  modulator.  The 
capacity  between  the  EIO  cathode  and  the  EIO  body,  with 
the  anode  shielded,  was  measured  to  be  6  pf.  For  fast  rise 
times,  this  coupling  will  resonate  with  the  inductance  of 
the  body  ground  lead  causing  pickup  in  the  collector 
current  viewing  circuit.  The  entire  modulator  must  be 
properly  shielded,  since  peak  currents  in  the  modulator 
during  the  leading  edge  are  about  14  Amperes,  or  20  times 
that  of  the  collect  current.  The  control  of  the  RF  pulse 
width  is  shown  by  the  multiple  exposure  in  Figure  S. 

Measurement  of  Pulse  Flatness 

The  measurement  of  the  desired  voltage  pulse 
flatness  requires  about  0.1%  resolution  in  the  puls*  viewing 
system.  This  resolution  could  not  bo  achieved  with  a 
Textronix  P6015  high  voltage  probe  and  7(03 
oscilloscope.  Although  they  demonstrated  that  the 
modulator  was  capable  of  being  adjusted  to  give  the  / 
desired  flatness,  there  was  no  way  of  calibrating  die  probe  \ 
within  0.1%  with  available  equipment.  The  true  measure 
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of  modulator  performance  is  the  amount  of  frequency 
deviation  during  the  pulse.  The  system  for  which  this 
modulator  was  developed  will  use  a  real  time  frequency 
discriminator  in  a  fast  phase  lock  loop,  but  this  device  was 
not  available.  As  an  alternative,  a  TRG  Precision 
Frequency  Meter,  a  TRG  Precision  Attenuator,  and  a  diode 
detector  were  used  to  demonstrate  the  pulse  flatness. 
First,  the  frequency  meter  was  used  to  measure  the  change 
of  RF  frequency  with  anode  voltage  for  a  93  GHz  CIO. 
This  was  measured  to  be  73  KHz/volt  over  a  1000  volt 
operating  range  where  the  power  varied  by  about  0.2  dB. 
The  response  of  the  frequency  meter  in  fixed  position  to 
changes  in  V,  and,  thus,  frequency  was  measured.  Figure 
9  is  the  plot  of  frequency  meter  absorption  vs  frequency  at 
93.0  GHz.  The  maximum  slope  is  0.19  dB/MHz,  allowing 
the  pulse  frequency  deviation  to  be  displayed  on  the 
oscilloscope  with  a  linear  response  over  20  MHz  and  a 
resolution  of  at  least  1  MHz 


FREQUENCY  METER  RESONANCE  AT  93  GHz 


At  (MHi) 


Figure  9.  Variation  of  Absorption  with 
Frequency  for  Frequency  Meter  in 
Fixed  Position 


Figure  10  shows  ihe  "dip"  of  the  frequency  meter 
for  four,  100  volt  steps  in  V,.  This  corresponds  to  a 
change  in  frequency  of  7.3  MHz  per  step.  The  combined 
slope  and  ripple  over  the  central  130  ns  is  on  the  order  of 
one  fifth  of  a  step,  drawing  that  the  frequency  deviation  is 
about  1.3  MHz  and  the  pulse  flatness  is  about  20  volts,  or 
better  than  0.1%  of  the  beam  voltage. 
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Figure  S.  Multiple  Exposure  of 
RF  Pulse  Widths 


Figure  10.  Demonstration  of  Pulse 
Flatness  Using  Frequency  Meter 
Resonance  and  Variation  of  Anode 
Voltage 


Although  the  stability  of  the  modulator  was  very 
good  for  pulse  amplitude  and  short  term  pulse  shape,  the 
pulse  shape  would  change  with  modulator  temperature  as  a 
result  of  the  non-linear  response  of  the  pulse  amplifier  to 
the  corrections  in  the  amplitude  of  the  output  of  the  pulse 
shaper. 


Further  Development  and  Applications 

Methods  of  supplying  high  peak  currents  during  the 
rise  and  fall  times  must  be  developed  to  improve  the 
efficiency  of  this  modulator.  This  could  be  done  by  letting 
the  modulator  pulse  only  the  higi  impedence  and  stray 
capacity  of  the  ElO  until  the  end  of  the  pulse,  then 
introducing  a  low  impedence  by  using  a  taiibiter  tube  or  a 
saturable  choke  to  discharge  the  stray  capacity. 

Long  term  pulse  shape  stability  can  be  achieved  by 
incrementally  sampling  to  generate  many  error  voltages 
that  could  then  be  used  to  correct  the  appropriate 
increment  in  the  pulse  shaper  in  addition  to,  or  in  lieu  of, 
manual  control. 

In  addition  to  the  generation  of  fixed  frequency 
pulses,  this  modulator  can  be  used  to  modulate  the 
frequency  for  clutter  reduction  and  pulse  compression. 
Since  the  pulse  shaping  is  done  at  low  voltage,  the 
incrementally  adjustable  pulse  shaper  followed  by  a 
suitable  pulse  amplifier  would  make  an  excellent 
modulator  for  pulsed  IMP  ATT  and  Gunn  diodes  where  pulse 
shaping  is  presently  being  done  by  a  linear  ramp  modulator 
or  tining  a  PFN  in  a  line  type  modulator. 


References 


1.  G.  W.  E well.  Radar  Transmitters,  To  be  published  by 
McGraw-Hill  Book  Company  1980. 

2.  G.  W.  Ewell,  D.  S.  Ladd  and  3.  C  Butterworth,  "High 
Power  Millimeter  Wave  Radar  Transmitters,*  To  be 
published  in  Microwave  Journal.  June  1980. 

3.  "Introduction  to  Extended  Interaction  Oscillators," 
published  by  Varian  Associates  of  Canada,  Ltd, 
Georgetown,  Ontario,  Canada. 

4.  J.  A.  Sdteer  and  N.  C  Currie,  "Advanced  Millimeter 
Wave  RF  Technology,"  Proceedings  Western  Regional 
Electronic  Warfare  Technical  Meeting.  Southwestern 
Crow  (tlub,  White  Sands  Missile  Range,  N.M,  April 
1980,  p.  3. 

5.  Personal  Communication  with  Gordon  Selby,  EMI 
Wells  Somerset,  England. 

6.  R.  W.  McMillan,  et.  al,  "Near  Millimeter  Wave  Radar 

Technology,"  Phase  I  Interim  Technical  Report, 
Contract  No.  DAAK70-79-C-0108,  U.5.  Army 

ERAOCOM,  NVL,  pp.  20-38- 


168 


THREE  PULSE  WIDTH  SOLID  STATE  MAGNETIC 
SWITCHING  MODULATOR  FOR  THE  AN/SPS-67  RADAR 


Steven  T.  Adams 

Rtf  fee  Mgrdechian  (Axel  Electronics) 
Norden  Systems,  Inc. 

Subsidiary  of  United  Technologies  Corporation 
Norwalk,  Connecticut 


ABSTRACT 

A  new  transmitter/modulator  has  been  developed  for 
the  AN/SPS-67  radar,  a  modernized  version  of  the 
AN/SPS-10  shipboard  radar  system*.  The  transmitter 
is  smaller,  lighter  and  more  reliable  than  the  unit  it  is 
replacing,  and  is  compatible  with  reduced  background 
noise  clutter,  improved  moving  target  detection,  and 
accurate  target  acquisition. 


a.  Pulse  Repetition 
Frequency  (PRF): 

Long  Range:  1200  pulses  per  second  (p/s)  with 

±5%  stagger. 

Medium  Pulse:  1200  p/s  with  ±5%  stagger. 

Short  Pulse:  2400  p/s  with  ±5%  stagger. 


The  AN/SPS-67  transmitter/modulator  utilizing  a  210 
kW,  G-band  tunable  Varian  Magnetron,  SFD-341, 
incorporates  the  following  features. 

a.  Three  discrete  pulse  widths:  0.1  us,  0.25  ps, 
and  1 .0  ps. 

b.  Magnetron  cathode  voltage  tail  biting,  producing 
a  cathode  voltage  fall  time  that  is  close  to  the 
voltage  rise  time.  This  feature  is  designed  into 
the  single  output  pulse  transformer. 

c.  Magnetron  cathode  voltage  backswing  clipping  to 
reduce  post  pulse  spurious  voltages. 

d.  An  all  solid  state  modulator  design  which  pro¬ 
vides  pulse  width  channel  isolation  without  the 
use  of  mechanical  relays. 

e.  Magnetic  switch  core  flux  reset  without  dc  bias. 

r.  Control  of  energy  to  storage  capacitors  with 
pulse  to  pulse  regulation. 

g.  Command  control  of  storage  capacitor  charging 
and  selection . 

Performance  data  on  the  new  transmitter  is  presented 
together  with  initial  field  test  results. 

J 

INTRODUCTION  &  SUMMARY 


Minimum  Range:  (with  50  feet  of  waveguide) 


a.  Long  Pulse  Mode 

b.  Medium  Pulse  Mode 

c.  Short  Pulse  Mode 

Range  Accuracy: 

a.  Long  Pulse  Mode 

b.  Medium  Pulse  Mode 

c.  Short  Pulse  Mode 
Range  Resolution  : 

a.  Long  Pulse  Mode 

b.  Medium  Pulse  Mode 

c.  Short  Pulse  Mode 


300  yards , 

or 

less, 

from 

antenna  Cl 

square 

meter 

target) 

200  yards, 

or 

less. 

from 

antenna  (1 

square 

meter 

target) 

75  yards, 

or 

less 

from 

antenna  ( 1 

square 

meter 

target) 

±300  feet  or  less 
±100  feet  or  less 
±37.5  feet  or  less 


200  yards  or  less 
190  feet  or  less 
75  feet  or  less 


The  transmitter/modulator,  along  with  the  receiver  is 
housed  in  a  cabinet  assembly  shown  in  Figure  1 . 


The  AN/SPS-67  System  is  a  high  performance,  high 
reliability  surface  surveillance  radar  system,  which  in¬ 
corporates  advanced  modem  radar  technology.  The 
AN/SPS-67  modulator  is  a  modularized,  all  solid  state, 
magnetic  pulaer,  which  provides  the  required  video¬ 
pulse  to  the  magnetron.  System  requirements  as  re¬ 
lated  to  the  transmitter  modulator  are  as  follows: 


Pulse  Width 
e.  Long; 

b.  Medium: 

c.  Short: 

d. ~  Peek  Power: 


1.0  i  0.1  ps 

0.2S  1  0.02  ms 

0.10  ±  0.01  M* 

190  to  265  kW  measured 
at  magnetron 


Figure  1.  Transmitter/Modulator  Cabinet 


The  work  reported  in  this  paper  was  performed  under 
Contract  6N00024-77-C-7057  with  Naval  Sea  Systems 
Command,  Washington,  O.C. 


Figure  2  is  a  close-up  view  of  the  transmitter  portion 
of  the  cabinet.  The  coaxial  magnetron  is  mounted  on 
the  top  portion  of  the  picture.  The  oil  filled  modula- 
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tor  is  directly  under  the  magnetron  in  order  to  mini¬ 
mize  lead  inductance  and  keep  high-voltage  connections 
as  short  as  possible.  The  low  voltage  pulsar  contain¬ 
ing  the  energy  storage  capacitors,  charge,  discharge, 
select  SCRs,  and  control  circuitry  are  mounted  in  the 
assembly  on  the  left  side  of  the  photograph.  The 
D'QIng  transformer  and  associated  circuitry  are 
mounted  in  the  assembly  mounted  directly  under  the 
low  voltage  pulser. 

Any  of  the  four  assemblies  can  readily  be  replaced 
in  the  field  in  case  of  failure. 


gu re  2.  Transmitter  Portion  of  Cabinet 


Figure  3  is  a  block  diagram  of  the  transmitter/mod¬ 
ulator.  The  modulator  utilizes  three  pulse  forming 
networks,  and  three  saturable  step-up  transformers , 
one  for  each  puUe  width.  A  single  step-up  pulse 
transformer  is  used  to  provide  the  proper  voltage 
pulse  to  the  cathode  of  the  magnetron.  The  pulse 
forming  networks  are  charged  at  12,000  volts  by 
transferring  the  energy  of  the  corresponding  energy 
storage  capacitor.  Selection  of  pulse  width  is  accom¬ 
plished  within  two  pulse  repetition  intervals,  by  in- 
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Figure  3.  Block  Diagram  of  Transmitter  /Modulator 


hibiting  the  charge  SCR  and  selecting  the  desired 
pulse  width  by  activating  the  appropriate  select  SCR. 

A  pulse-to-pulse  D'Qing  charging  circuit  is  used  to 
regulate  the  energy  to  the  energy  storage  capacitors, 
ingle  charge  and  discharge  SCRs  are  used.  Control 
circuitry  is  provided  for  shut-down  sequence  in  the 
event  an  inhibit  condition  occurs  on  either  magnetron 
over  current  inhibit  or  power  supply  overcurrent 
inhibit.  Upon  momentary  excitation  of  either  of  these 
signals,  the  450  V  power  supply  is  turned  off  for  100 
milliseconds  and  at  the  same  time  the  charge  control 
pulses  are  inhibited  for  110  milliseconds.  Occurance  of 
four  or  more  of  these  inhibit  intervals  within  any  one 
second  period,  causes  the  transmitter-modulator  to 
revert  to  reset  condition. 

A  computer  analysis  of  the  1.0  ps  pulser  circuit 
using  the  CDC  SVSCAP  II  was  performed  prior  to 
breadboarding  stage.  The  computer  simulation  allowed 
detailed  analysis  of  the  complex  nonlinear  transient 
problem.  Design  parameters  are  determined,  and  sys¬ 
tem  performance  characteristics  such  as  magnetron 
current  and  voltage  waveshapes  and  power  losses  were 
established. 

Figure  4  is  an  equivalent  circuit  for  the  charging  and 
the  discharging  of  the  Ips  pulse  forming  network. 

is  given  as  using  core  material  as  defined  below, 

with  4  turns  on  the  primary  from  node  1  to  node  21 
and  primary  resistance  of  4  mft,  and  with  60  turns  on 
the  secondary  from  node  26  to  node  0  and  secondary 
resistance  of  75  run.  Core  parameters  are  as  fallows: 

core  area,  A  *  4.84  cm^;  core  length,  *  30.91  cm; 
Saturated  flux  density,  8 s  =  14.9  kG  and  magne¬ 
tizing  force,  H  =6.  Oersteds;  end  of  rotation  8_  = 

*  5  m 

4.7  kG  and  H  *  3;  residual  B  =  14.2  kG;  magne- 
m  f 

tizing  force  *t  B  =  0,  Hc  >  1.41;  knee  bk  =  13.2  kG 
and  =  -.5;  air  gap  Ag  =  0;  time  constant,  ic  a  40 
ns;  and  initial  8.  =  -14.2  kG.  Figure  5  shows  these 

parameter  values  along  with  a  plot  of  the  resulting  com¬ 
puted  B-H  curve  using  the  Pheno  model.  The  paramet¬ 
ers  were  de'ermined  from  the  Orthonol  data  sheet  shown 
in  Figure  6  and  the  hysteresis  power  loss  expected  for 
the  charging  of  the  PFN ,  P1  =  60  W  which  occurs  in 

approximately  10  ps.  Figure  7  is  a  computer  plot  of 
the  storage  capacitor  current,  and  Figure  8  is  a  pho¬ 
tograph  of  the  1.0  ps  storage  capacitor  current  of  the 
finished  unit. 
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Figure  5.  Calculated  B-H  Curve,  SO  kHz 
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Figure  6.  Hysteresis  Loops  for  Orthonol 


Figure  4.  Equivalent  Pulser  Circuit  for  Charge  and 
Discharge  of  1  ps  Pulse  Forming  Network 
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Figure  7.  Storage  Cap  Current 


Figure  8.  1.0  pa  Storage  Capacitor  Current 


LOW  VOLTAGE  PULSER  DESCRIPTION 

Figure  9  depicts  the  charging  and  discharging 
paths  of  the  three  energy  storage  capacitors  Cl,  C2, 
C3  for  the  three  pulse  widths  required  by  the  system. 
Pulse  width  selection  is  accomplished  by  energizing  the 
appropriate  silicon  control  rectifier  SCR1,  5CR2,  or 
SCR3.  Pulse  width  channel  isolation  for  the  charge 
cycle  is  provided  by  steering  diodes  CR4,  CRS,  and 
CR6.  SRI,  SR2,  and  SR3  is  the  primary  winding  of 
the  step-up  saturable  transformers  for  each  of  the 
pulse  widths.  The  charge  cycle  is  initiated  when  the 
command  charge  SCRS  is  gated  on,  charge  path  is  indi¬ 
cated  by  the  solid  arrows.  During  the  charge  cycle 
the  saturable  transformer  of  the  selected  mode  is  reset 
by  the  charging  current.  Discharge  is  initiated  when 
the  discharge  SCR4  is  gated  on.  Diodes  CR7,  CRS, 
and  CR9  provide  a  ground  return  to  the  storage  capaci¬ 
tors,  and  steering  diodes  CR1,  CR 2,  and  CR3  provide 
pulse  width  channel  isolation.  Discharge  path  is  indicat¬ 
ed  by  the  dashed  arrows.  SR4  is  a  hold-off  saturable 
reactor  which  helps  to  reduce  turn-on  dissipation  in 
the  discharge  SCR4. 

Diode  CR10  and  R1  comprise  the  Inverse  network. 

Figure  10  depicts  the  charging  of  the  energy  storage 
cepacitors  of  2  modes  (0.1  ps  and  0.25  ps). 


CM 


Figure  9.  Charging  and  Discharging  Currents  of 
Energy  Storage  Capacitors 


Figure  10.  Charge  and  Regulator  Circuit 


Energy  from  Cl  is  transferred  to  the  selected  energy 
storage  capacitor  through  the  primary  winding  of  T^ 

when  SCR2  is  gated  on.  The  amount  of  energy  stored 
In  the  energy  storage  capacitor  is  regulated  by  sens¬ 
ing  the  voltage  level  on  the  energy  storage  capacitor. 
The  sensing  Is  accomplished  with  a  resistive  voltage 
divider  network  R5  and  R8.  The  level  of  the  sensing 
voltage  is  compared  to  a  reference  voltage  VR,  and 

when  the  sensing  voltage  exceeds  that  of  the  refer-/ 
ence,  SCR1  Is  gated  on,  thereby  connecting  the  sec-s 
ondary  winding  of  T1  across  R1  which  lowers  the  Qlng 
of  T1  and  removes  the  remaining  energy  stored  in  the 
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inductance  of  the  primary  winding.  The  l«v®l  of 
regulation  is  sat  by  either  R2  or  R3  depending  on 
mode  selection. 


MODULATOR  DESCRIPTION 
Specifications 

a.  210  kW  at  G-band  from  a  coaxial  magnetron. 

b.  Three  discrete  pulse  widths:  0.1  ps  0  2400  pps; 
0.2S  ps  «  1200  pps;  1.0  ps  0  1200  pps. 

c.  Magnetron  cathode  voltage  tail  biting,  producing 
a  cathode  fail  time  that  is  close  to  the  voltage 
rise  time. 

d.  Magnetron  cathode  voltage  backswing  clipping  to 
reduce  post  pulse  spurious  voltages. 

e.  An  all  solid  state  modulator  design  with  pulse 
width  channel  isolation,  without  the  use  of  mech- 
anical  relays. 

f.  Small  size  and  light  weight. 

Considerations 

To  achieve  small  size  and  light  weight  while  accom¬ 
plishing  tail  biting  and  backswing  clipping,  a  novel 
approach  was  considered  whereby  the  pulse  transform¬ 
er  would  act  as  transformer  and  switch  into  saturation 
at  the  end  of  the  cathode  current  pulse  to  discharge 
the  energy  remaining  stored  in  the  stray  capacitance, 
in  this  manner,  additional  parts  or  circuitry  which 
would  increase  the  size  and  weight  of  the  modulator, 
would  not  be  required. 

In  order  for  the  PT  to  pass  a  0.1  ps  pulse  and  a  1.0 
ps  pulse,  special  consideration  was  required  for  the 
core  selection.  The  open  circuit  inductance  of  the  PT 
had  to  be  high  enough  to  sustain  the  wide  pulse,  while 
the  leakage  inductance  has  to  be  low  in  order  to  pass 
the  0.1  ps  pulse.  The  turns  ratio  had  to  be  selected 
to  achieve  good  coupling,  yet  not  so  low  as  to  require 
large  or  bulky  components  In  the  HV  PFN,  the  satur¬ 
able  reactor  switches  or  the  circuit  diodes. 

The  circuit  developed  for  the  HV  modulator  Is  shown 
in  Figure  11.  SRI,  SR2,  and  SR3  are  the  switching 
reactors  for  the  0.1  ps,  0.25  ps  and  the  1.0  ps  mode 
respectively.  SRI  and  SR2  charge  the  low  voltage 
storage  capacitor  through  the  upper  (charge)  terminal 
and  discharge  through  the  lower  (discharge)  terminal. 
This  was  required  to  reset  the  cores  of  these  two 
channels.  SR3  did  not  require  the  additional  ampere 
turns  for  core  reset. 

The  low  voltage  power  supply  was  established  to  be 
450  V  at  low  input  line  voltage  condition.  This  voltage 
was  selected  to  allow  for  the  use  of  a  single  chip  sili¬ 
con  controlled  rectifier  with  voltage  derating  to  trans¬ 
fer  energy  from  the  low  voltage  storage  capacitor  to 
the  PFN.  The  pulse  transformer  output  voltage  and 
current  were  required  to  be  24000  V  peak  at  20  A. 
The  pulse  transformer  and  saturable  reactor  turns 
ratios  were  selected  to  convert  the  450  Vdc  to  24000  V 
peak  at  20  A. 

The  megnetron  filament  requirement  Is  11  A  at  9.5V 
rms  and  is  supplied  through  the  filament  transformer 
T2.  T3  is  a  pulse  current  viewing  transformer.  El  is 
*  spark  gap  and  CR7  a  beckswing  clipping  diode. 
CR1,  CR2,  and  CR3  are  charging  diodes  and  CR4, 
CRS,  and  CR6  are  channel  isolating  diodes.  PFN1, 


Figure  11.  HV  Modulator  Circuit 


PFN2,  and  PFN3  are  the  pulse  forming  networks  of  the 
0.1  ps,  0.25  ps  and  the  1.0  ps  modes  respectively. 

Operating  Principles 

The  low  voltage  storage  capacitor  is  charged  from 
the  low  voltage  power  supply  through  a  charging 
transformer,  which  is  used  for  regulating  (by  D'Qing) 
of  the  charging  circuit  when  a  preset  storage  capacitor 
voltage  is  achieved.  The  operating  mode  is  selected 
by  energizing  an  SCR,  giving  a  return  path  to  the  PS 
Ground,  from  the  storage  capacitor. 

Command  charge  is  initiated  by  energizing  the  gate 
of  an  SCR.  The  principle  discussed  above  is  described 
in  greater  detail  elsewhere  in  this  paper.  Figure  12  is 
a  simplified  schematic  of  a  single  operating  mode  up  to 
the  charging  of  the  PFN  in  the  high  voltage  section. 


Figure  12.  Low  Voltage  Storage  Capacitor 


C2  of  Figure  12  is  called  the  low  voltage  storage 
capacitor.  To  charge  C2  a  command  is  given  to  CR2 
gate  which  allows  current  to  flow  from  Cl  to  C2.  The 
charging  circuit  operation  Is  discussed  elsewhere  in 
this  paper  in  greater  detail.  We  shall  now  consider  C2 
as  charged  to  the  preset  voltage.  The  SR  core  will  be 
at  negative  residual  flux  after  the  charging  of  C2. 
Because  a  good  switching  action  is  required  from  the 
SR,  the  core  must  have  a  square  hysteresis  loop.  An 
uncut  nickle  alloy  core  wos  selected.  When  a  trigger 
is  applied  to  CR1,  of  Figure  13,  the  storage  capacitor 
C2  discharges  through  the  primary  winding  of  the  SR. 
The  SR  acts  as  a  step  up  transformer  during  the  dis- 
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chars*  period  of  th*  storage  capacitor  that  is  charging 
the  PFN  in  th*  SR  Secondary,  see  Figure  13. 


LI  SH 


Figure  13.  Energy  Storage  Capacitor  Discharge 
Circuit 

After  th*  PFN  has  been  charged  and  the  volt*s*cond 
capability  of  the  SR  has  been  reached,  th*  SR  switches 
from  a  high  inductance  state  to  a  low  inductance  state 
represented  as  the  saturated  inductance  of  th*  SR.  At 
this  juncture  of  operation  the  PFN  discharges.  The 
SR  saturated  inductance  with  the  pulse  transformer 
leakage  inductance,  referred  to  the  primary  of  the 
puls*  transformer,  are  considered  as  part  of  the  puls e 
farming  network  coil  inductance  in  the  design  of  th* 
PFN.  The  PFN  discharge  circuit  is  shown  in  Figure 
14. 


Figure  14.  The  PFN  Discharge  Circuit 

The  puls*  transformer  for  this  modulator  is  also  to 
be  used  as  a  cathode  voltage  tail  biter  to  reduce  mag* 
natron  noise  generation  and  improve  radar  performance. 
The  manner  of  achieving  this  was  by  utilizing  a  cor* 
with  a  square  hysteresis  loop. 

Th*  core  flux  would  go  from  negative  saturation  for 
th*  widest  pulse  to  be  transmitted,  and  biased  appro* 
priately  for  any  other  desired  puls*  width. 

Pulse  Transformer 


Figure  16  shows  a  simplified  PT  Winding  (a)  during 
PFN  discharge,  and  (b)  during  th*  distributed  capaci* 
tanc*  energy  discharge.  The  flux  directions  are  noted 
and  follow  Figure  IS. 
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Figure  16.  Simplified  PT  diagram 


One  should  take  note  when  Bg  (Figure  IS)  is  reached, 

th*  inductance  of  the  pulse  transformer  is  reduced  al¬ 
lowing  Cq  to  discharge  faster.  Figure  17  (b)  shows 

the  1.0  ps  cathode  voltage  with  the  cor*  fully  biased 
so  it  will  not  saturate  and  Figure  17  (a)  shows  a 
biased  core  cathode  voltage  fall  time.  Th*  method 
described  allows  for  continuous  control  of  th*  fall 
time.  Figure  18  (a,  b,  and  c)  shows  three  biasing 
conditions  minimum,  average  and  maximum. 


Figure  15  depicts  th*  hysteresis  loop  and  flux  swings 
for  the  various  puis*  widths  of  the  pulse  transformer 
when  properly  biased. 


Figure  17.  1.0  ps  Cathode  Voltage  Puls* 

a.  (top  figure):  biased  for  cor*  saturation 

b.  (bottom  figure):  biased  for  no  saturation 


Figure  IS.  Hysteresis  Loop  and  Flux  Swings  for  Pulse 
Widths  of  Puis*  Transformer 


Figure  19  and  20  repeat  th*  biased  and  unbiased 
condition  for  th*  0.2S  ps  cathode  voltage.  Figure  21 
shows  the  0.1  ps  cathode  voltage  (a)  biased  for  satur¬ 
ation  (b)  biased  out  of  saturation. 

Th*  following.  Figures  22  thru  27,  show  the  RF  En¬ 
velope  with  the  cathode  voltage  in  saturation  and  not 
saturated  for  th*  three  operating  modes.  Note  the  RF 
envelopes  remain  unchanged. 

Figures  28  ,  29  and  30  show  th*  RF  detected  pulse  of 
the  0.1  ps,  0.25  ps  and  1.0  ps  mode  respectively. 

Channel  isolation 

Channel  isolation  is  achieved  by  separating  th* 
charging  and  th*  discharge  circuits  of  each  channel 
with  th*  us*  of  CR1,  CR2,  CR3,  CR4,  CRS,  and  CR6, 
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Figure  18. 


1.0  |js  Cathode  Voltage  Pulse 

a.  (top):  minimum  bias 

b.  (middle):  average  bias 

c.  (bottom):  maximum  bias 
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Figure  21.  0.1  ps  Cathode  Voltage  Pulse 

a.  (top):  biased  for  saturation 

b.  (bottom):  biased  out  of  saturation 
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Figure  19.  0.25  ps  Cathode  Voltage  Pulse 

a.  (top):  biased  for  core  saturation 

b.  (bottom):  biased  for  no  saturation 


Figure  22.  1.0  ps  Mode 

a.  (top):  RF  Envelope 

b.  (bottom):  Cathode  Voltage 
Unsaturated  Core 
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Figure  20.  0.2S  ps  Cathode  Voltage  Pulse 

a.  (top):  minimum  bias 

b.  (middle):  average  bias 

c.  (bottom):  maximum  bias 


Figure  23.  1.0  pa  Mode 

a.  (top):  RF  Envelope 

b.  (bottom):  Cathode  Voltage  Saturated 
Core 


Figure  24.  0.25  ps  Mode 

a.  (top):  RF  Envelope 

b.  (bottom):  Cathode  Vol  oge  Unsaturated 
Core 


Figure  27.  0.1  ps  Mode 

a.  (top):  RF  Envelope 

b.  (bottom):  Cathode  Voltage  Saturated 
Core 


Figure  25  .  0.25  ps  Mode  Figure  28.  0.1  ps  Mode  RF  Envelope.  0.1  ps  per  cm 

a.  (top):  RF  Envelope 

b.  (bottom):  Cathode  Voltage  Saturated 
Core 


Figure  26.  0.1  ps  Mode  Figure  29.  0.25  ps  Mode  RF  Envelope.  0.1  ps  per  cm  / 

a.  (top):  RF  Envelope  1 

b.  (bottom):  Cathode  Voltage  Unsaturated 
Core 
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Figure  30.  1.0  ps  Mode  RF  Envelope.  0.2  jjs  per  cm 

(see  Figure  11).  The  dot*  on  the  secondary  of  SRI, 
SR2,  and  SR3  indicate  the  positive  charge  voltage  end. 
Channel  selection  is  made  by  selecting  the  desired  low 
voltage  storage  capacitor  to  be  charged.  The  selection 
operation  is  described  elsewhere  in  this  paper.  Chan¬ 
nels  stay  isolated  by  charging  each  PFN  through  its 
own  charging  diode  depending  upon  which  storage 
capacitor  is  being  discharged.  After  SR  saturation, 
the  PFN  discharge  path  is  isolated  from  the  unused 
channels  by  the  use  of  CR4,  CRS,  and  CR6.  To  un¬ 
derstand  the  circuit  isolation  consider  the  simplified 
circuit  of  Figure  31. 


the  saturated  inductance  of  the  SR,  the  leakage  in¬ 
ductance  of  the  pulse  transformer  end  any  loop  induct¬ 
ances.  These  parameters  are  the  limiting  factors  for 
narrow  pulse  width  generation. 

Figure  32  shows  PFN  during  the  discharge  condition 
with  the  PT  equivalent  circuit.  The  PFN  Is  an  E  type 
line  where  Cl,  C2,  and  C3  are  usually  equal  and  the 
coil  is  generally  a  solenoid.  In  considering  the  design 
of  the  PFN  attention  must  be  given  to  the  value  for 
the  input  inducatnce  LI  «  LIA  ♦  LIB  *  LOOP  INDUCT¬ 
ANCE.  This  value  LI  limits  the  narrowest  pulse  width 
attainable  from  the  modulator.  PFN  design  is  discuss¬ 
ed  in  the  literature  and  its  not  considered  here.  The 
reader  is  referred  to  previous  articles  (1)  (2)  by  the 
author  regarding  other  design  details. 


Figure  32.  PFN  During  Discharge  Condition 


The  Saturable  Switch 


Figure  31.  Channel  Isolation 


Initially  the  PFN  of  channel  (b)  is  charged  positively. 
When  SR  of  channel  (b)  saturates  current  flows  as  In¬ 
dicated  developing  a  voltage  on  the  primary  of  the 
pulse  transformer,  as  noted.  The  discharge  current 
flows  through  CR4  to  complete  the  channel  (b)  dis¬ 
charge  loop,  while  CR1  and  CR3  of  channel  (a)  are 
back  biased,  placing  them  in  the  off  condition.  A  sim¬ 
ilar  operation  takes  place  if  channel  (a)  were  energized. 
This  principle  can  be  applied  to  any  number  of  chan¬ 
nels  desired. 

Beckswlno  Clipping 

Figure  31  shows  diodes  CR3  and  CR1  across  the 
primary  of  the  pulse  transformer  in  parallel  with  CR4 
and  CR2.  These  diodes  will  clamp  any  positive  voltage 
being  developed  at  terminal  1  of  the  pulse  transformer. 
Terminal  1  will  want  to  go  (♦)  as  the  voltage  fall  time 
is  decreased  and  without  backswfng  dipper  diodes 
would  in  fact  develop  a  (♦)  voltage  at  1.  It  is  desir¬ 
able  to  keep  this  positive  developing  voltage  low  to 
prevent  poor  magnetron  function.  This  method  of 
diode  connections  has  provided  two  results:  channel 
Isolation  and  beckswing  voltage  dipping  at  terminal  1. 

Pulse  Forming  Network 


To  achieve  good  switching  the  SR  core  must  have  a 
square  hysteresis  loop.  This  generally  requires  an 
uncut  nickel  alloy  core.  Figure  33  shows  the  typical 
operating  cycle  for  the  SR  core.  The  operation  starts 
at  the  negative  residual  flux  having  been  set  there  by 
the  low  voltage  storage  capacitor  charging  current. 


Figure  33.  Typical  Operating  Cycle  for  SR  C or* 


The  flux  rises  in  the  positive  direction  as  current 
flows  into  the  polarity  dots  shown  on  the  SRs,  (see 
Figure  11).  Before  an  appropriate  SR  cor*  choice  can 
be  mad*  the  following  must  be  considered,  at  a  mini¬ 
mum,  and  limits  established. 

a.  Determine  the  value  of  the  SR  saturated  cor* 
inductance  desired. 

b.  Determine  the  time  desired  to  charge  the  HV 
PFN. 

c.  Determine  the  peak  charging  voltage  of  the  PFN. 

From  the  values  determined  above  the  volt-seconds 
required  can  be  established  and  a  choice  of  cor*  made. 


Figure  34  Indicates  the  relationship  between  SR  volt¬ 
age,  to  PT  voltage  and  magnetron  current. 


Consideration  must  be  given  to  the  circuit  induct¬ 
ances  In  the  design  of  the  puls*  forming  network  I.*., 


Figure  34.  Relationship  Between  SR  Voltage,  to  PT 

Voltage  *  Magnetron  Current 

a.  (top):  SR3  Secondary  Voltage 

b.  (middle):  Magnetron  Cathode  Current 

c.  (bottom):  Pulse  Transformer  Cathode 

Voltage 

Site  and  Weight 

The  HV  Magnetic  Switch  Modulator  shown  schemat¬ 
ically  in  Figure  11  is  in  a  metal,  vacuum  oil  filled, 
stainless  steel  housing  with  cooling  fins,  oil  expansion 
bellows  and  appropriate  bushings  for  terminals.  The 
p»rts  shown  schematically  in  Figure  11  are  all  in  the 
housing  whose  body  dimensions  are  8  inches  wide  by 
12  inches  long  and  S  3/4  inches  high.  The  bushings, 
bellows  and  mounting  provisions  extend  beyond  the 
stated  body  dimensions.  To  achieve  this  small  site, 
heiiarc  welds  are  used  for  sealing  to  avoid  massive  and 
bulky  O-ring  type  seals  which  would  have  added  to  the 
size  and  weight,  or  unreliable  solder  sealing  of  seams. 
The  modulator  may  be  serviced  by  any  qualified  source 
if  the  need  arises.  This  provision  was  incorporated  in¬ 
to  the  design  of  the  housing.  The  complete  assembly 
weighs  48  lbs.  The  modulator  is  shown  in  Figure  38. 


Transmitter/Modulator  Performance 

The  transmitter/modulator  has  performed  well  in 
various  tests  over  the  past  year.  These  include 
environmental  tests  in  accordance  with  MIL-E-16400. 
Environmental  tests  were  completed  successfully  in  the 
Fall  of  1979.  These  tests  consisted  of  subjecting  the 
system  to  operation  from  0*C  to  50°C,  5  day  test  at  95% 
relative  humidity  with  temperature  cycling  between  30“C 
and  50°C.  Vibration  per  MIL-STD-167-1,  5  to  33  Hz, 
and  high  impact  medium  weight  shock  per  MIL-S-901C. 
Reliability  tests  were  conducted;  required  MTBF  for  the 
radar  system  is  600  hours,  demonstrated  MTBF  was  795 
hours.  Total  test  time  for  the  reliability  demonstration 
was  1,113  hours  during  which  there  were  no  failures  in 
the  transmitter/modulator.  One  system  was  installed 
aboard  the  U.S.S.  Marvin  Shields  for  technical  and 
operational  evaluation.  A  failure  occurred  in  the  low 
voltage  pulsar.  One  of  the  steering  diodes  failed  by 
shorting  between  anode  and  ground.  In  investigating 
the  failure,  it  was  found  that  the  failure  was  caused 
by  an  insulating  washer  which  was  installed  incorrect¬ 
ly.  Total  technical  evaluation  transmitting  time  was 
755  hours.  There  were  no  failures  during  operational 
evaluation  of  2,862  transmitting  hours. 

Efficiency  of  the  modulator  from  the  dc  power  supply 
(450  V)  to  pulse  energy  supplied  to  the  magnetron  is 
65%,  45%,  and  20%  for  the  1.0  ps,  0.25  ps  and  0.1  ps 
mode  respectively. 

Conclusions 

We  have  demonstrated  an  all  Solid  State  Magnetic 
Switching  Transmitter/Modulator  that  is  smaller,  light¬ 
er,  and  more  reliable  than  the  unit  it  is  replacing,  and 
is  capable  of  delivering  a  0.1  ps,  0.25  ps  and  a  1.0  ps 
pulses  with  channel  isolation.  The  pulses  are  passed 
through  a  single  pulse  transformer  that  is  capable,  with 
proper  bias  current,  of  reducing  the  cathode  voltage 
fall  time  and  improve  minimum  radar  range  performance. 
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Summary 

Pulses  4  to  10  nanoseconds  (ns)  wide  and  1  to  4 
kllovolcs  (kV)  in  amplitude  were  achieved  with  a  four 
element  thyratron  switch.  The  loads  tested  were  a 
parallel  combination  of  capacitance  (20  to  SO  pico- 
farads  (pF))  and  resistance  (SO  co  100  ohms).  Shape 
and  amplitude  of  the  pulse  were  dominated  by  parasitic 
circuit  elements  in  both  the  thyratron  and  load.  Co¬ 
axial  return  structures  surrounding  the  thyratron 
were  used  to  minimize  Inductance.  Energy  storage  was 
incorporated  into  the  design,  thus  eliminating  the 
need  for  lumped  capacitors.  Results  show  that  a 
thyratron  switch  may  be  suitable  for  generating 
narrow  pulses  4  to  10  ns  wide  for  modulation  of 
millimeter  (mm)  wavelength  high-power  transmitting 
tubes . 

Introduction 

Narrow  pulse  modulation  of  mm  wave  tubes  will 
enable  future  radar  systems  co  achieve  Improved 
pattern  recognition.  The  required  modulation  char¬ 
acteristics  are  typically:  pulsewldths  less  than  4 
ns,  pulse  repetition  rates  greater  than  20  kilohertz 
(kHz),  and  pulse  amplitudes  of  2  to  IS  kV  (the  par¬ 
ticular  voltage  will  depend  on  Che  tube  type) .  For 
the  long  term  future,  such  modulators  will  most 
likaly  rely  on  solid-state  devices  such  as  avalanche 
transistors,1'  or  possibly  pulse  sharpening  devices. 2 
Since  the  ultimate  rlaetlme  capability  of  the  solid- 
state  devices  le  in  the  subnanosecond  range,  am  wave 
systems  with  extremely  good  resolution  are  foreseen. 
Until  such  devices  are  developed,  however,  an  interim 
solution  for  obtaining  narrow  pulse  modulation 
appears  feasible  using  conventional  thyratrons. 
Thyracrons  satisfy  both  the  voltage  and  pulse  repe¬ 
tition  race  requirements,  but  the  rlaetlme  capability 
is  marginal.  This  naturally  limits  the  ability  of 
Che  thyratron  co  produce  Che  necessary  narrow  pulse. 

This  report  describes  an  experimental  investiga¬ 
tion  aimed  at  optimizing  the  risetime  of  a  commercial¬ 
ly  available  thyratron.  Thyratrons  with  coaxial 
return  structures  to  reduce  inductance  effects  were 
able  to  produce  kilovolt  pulses  as  narrow  as  4  ns. 

The  experimental  apparatus  and  the  measurement  remits 
are  described,  and  application  of  the  pulsar  circuit 
co  particular  ns  wavelength  tubes  is  given. 

Experiment 

TUbe  Type 

A  tetrode  thyratron,  EEV  model  CX1164,  was 
chosen  for  Che  experiment.  Comparison  with  a  trlode 
thyratron  having  similar  ratings  shows  the  tetrode 
type  generally  performs  better  with  respect  to  Jittar 
and  anode  delay  time  drift.  With  this  tube  a  direct 
current  biased  keep-alive  grid,  close  to  the  cathode, 
provides  a  continuous  source  of  ionization.  A  pulse 
delivered  to  the  control  grid,  biased  negatively,  per¬ 
forms  the  triggering  function.  Separate  control  of 
the  heater  and  reservoir  voltages  is  provided,  thus 
giving  experimental  flexibility.  The  tube  operates 
with  a  maximum  peak  voltage  of  12  kV  and  a  peak  cur¬ 
rent  of  330  amperes. 


Test  Circuit  and  Apparatus 

A  thyratron  circuit  with  a  coaxial  return 
was  employed  for  the  initial  tests  (Fig.  1).  Energy 
storage  was  in  Che  form  of  a  30  ohm  cable.  Current 
in  the  keep-alive  grid  was  ISO  milllamperes.  The 
control  grid  was  biased  negatively  to  123  volts.  A 
trigger  pulse  600  volts  in  amplitude  and  1  micro¬ 
second  wide  was  superimposed  on  the  bias.  The  trigger 
was  produced  by  a  Cober  pulsar,  model  60SP,  which  has 
an  internal  impedance  of  200  ohma.  A  low  Inductance 
capacitor,  100  pF ,  was  inserted  between  the  control 
grid  and  ground,  which  helped  to  Isolate  the  discharge 
circuit  from  Inductance  effects  caused  by  the  grid 
le,’.ds.  Operation  was  at  a  pulse  repetition  rate  of 
30  hertz  (Hz).  Unless  otherwise  specified,  reservoir 
and  heater  voltages  were  operated  at  6.3  and  7.0  volts 
respectively. 

In  an  effort  to  minimize  inductance  in  the  tuba, 
the  outer  conductor  of  the  coaxial  line  was  connected 
to  the  circular  return  shield  surrounding  the  thyra¬ 
tron  (Fig.  1).  The  load  resistors  were  connected  in 
symmetrical  fashion  between  the  shield  and  the  ground¬ 
ed  base  plate,  which  was  tied  to  the  cathode.  For 
most  measurements  a  total  of  -three  2  watt  resistors, 
in  parallel,  was  employed.  The  number  of  such  resis¬ 
tors  represented  a  compromise  between  connecting  too 
many  in  parallel  (increasing  stray  capacitance)  and 
connecting  too  few  (causing  load  inductance  to  in¬ 
crease)  . 

Single  pulse  waveforms  were  captured  using  a 
Tektronix  7834  storage  scope.  For  the  most  part  the 
waveforms  were  obtained  with  a  voltage  probe  having 
subnanosecond  risetime  capability. 3  Current  trans¬ 
formers  such  as  the  Tektronix  CT-1  also  were  used  in 
the  initial  stages  of  the  investigation.  The  nano¬ 
second  waveforms  obtained  with  the  current  trans¬ 
former  must  be  interpreted  with  caution,  however, 
since  any  stray  capacitance  present  contributes  to  the 
total  current  seen  by  the  transformer. 

Measurements  were  obtained  using  two  types  of 
energy  storage:  (a)  short  SO  ohm  coaxial  line, 
approximately  30  centimeters  (cm)  long,  and  (b) 
energy  storage  derived  from  capacitive  coupling  be¬ 
tween  anode  and  outer  shield  with  no  coaxial  line 
present  (charging  resistor  c, in acted  directly  to 
anode) .  In  the  case  of  (a) ,  pulsewldths  of  approxi- 
matsly  10  ns  were  routinely  obtained,  with  rise  and 
falltlmes  of  3  to  4  ns.  For  30  cm  cables  (and  longer) 
the  pulse  characteristics  were  still  more  or  less 
determined  by  the  cable  itself.  Reducing  the  cable 
length  below  30  cm,  however,  resulted  In  a  situation 
where  the  pulse  characteristics  were  determined  pri¬ 
marily  by  the  thyratron.  Accordingly  the  pulse  was 
dominated  by  the  tube  inductance  and  mss  badly  mis¬ 
matched  to  the  load  impedance.  As  a  result  the 
delivered  pulse  was  small  in  amplitude.  When  the 
cable  was  removed  entirely  the  pulse  amplitude  wae  less 
than  10  percent  of  the  source  voltage  for  a  30  ohm 
load.  Nevertheless,  removal  of  the  cable  reduced  the 
pulsewidth  to  approxlaatsly  3  ns.  The  potential  for 
narrow  kilovolt  pulses  existed,  therefore,  provided  the 
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as  expected. 


thyratron  anode  to  shield  cspacltance  could  be  In¬ 
creased  in  Che  proper  Banner.  Such  capacitance  aay 
be  Increased  In  two  ways.  The  usual  technique  Is  to 
siaply  add  low  Inductance,  luaped  capacitance  between 
the  anode  and  Che  shield.  This  technique  was  tried 
briefly  but  was  abandoned  In  favor  of  the  second 
technique,  which  gave  better  results.  The  second 
aechod  for  adding  capacitance  involved  construction 
of  a  partial  Inner  shield  connected  to  the  anode 
(Fig.  2).  Mylar  dielectric  was  added  between  Inner 
and  outer  shields  Co  Increase  capacitance.  The 
capacitance  added  In  this  way  Is  in  close  proxlalty 
with  the  region  occupied  by  the  tube,  which  should 
help  reduce  the  effects  of  Che  tube  inductance.  In 
soaa  respects  the  structure  resembles  a  short 
section  of  transmission  line  which  Incorporates  the 
cube  Inductance.  The  resemblance  Is  mostly  super¬ 
ficial,  however,  as  aay  be  noted  from  tha  following 
facts.  First,  tha  thyratron  and  tha  surrounding 
structure  la  not  uniform  along  Its  length.  Second, 
the  same  Inner  shield  that  adds  to  the  capacitance 
also  partially  Isolates  tha  tube  from  the  capacitive 
effects  needed  to  neutralise  the  tube  Inductance. 
Nevertheless,  regardless  of  explanation,  the  beat 
pulse  characteristics  were  obtained  with  the  afore¬ 
mentioned  structure.  This  structure  exhibited  less 
ringing,  graater  repeatability,  generally  faster 
rlsetlma,  and  graater  pulse  amplitude  (for  a  given 
anode  to  outer  shield  capacitance).  The  structure, 
by  doing  away  with  discrete  lumped  capacitors,  also 
eliminates  potential  capacitor  failures.  It  should 
be  mentioned  tnat  one  property  of  this  structure  has 
not  yet  bean  examined,  namely,  the  effect  of  inner 
shield  depth  for  a  given  amount  of  capacitance.  This 
would  help  cast  light  on  those  effects  which  are 
peculiar  to  this  structure. 

Experimental  Kaaults 

Tha  following  measurement  results  are 
confined  to  the  structure  shown  In  Figure  2.  Certain 
capacitance  maasuraents  ara  Important  to  note.  The 
capacitance  between  the  anode  and  the  outer  shield 
was  40  pF.  Stray  eapacltanca  between  tha  base  plate 
and  tha  shield.  Including  tha  stray  capacltancs  of 
tha  carbon  resistors,  was  19  pF.  Tha  amount  of  stray 
Is  thus  quits  significant  whan  one  considers  that  tha 
source  capacitance  Is  only  40  pF.  In  this  experiment, 
therefore,  there  are  no  purely  resistive  loads. 
Measurements  were  obtained  both  with  and  without 
additional  external  capacitance  shunting  the  load. 

As  with  the  carbon  resistors,  Che  capacitance  was 
distributed  symmetrically  about  tha  shield. 

The  output  pulse  amplitude  as  a  function  of 
source  voltage  la  shown  In  Figure  3  for  several  cases 
of  Interest.  The  two  uppermost  curves  represent  30 
and  100  ohm  load  resistances  with  only  stray  capaci¬ 
tance  present.  As  anticipated  smaller  voltage  trans¬ 
fer  occurs  at  30  olma .  The  remaining  curve  shows  the 
amplitude  for  a  30  ohm  load  with  an  additional  30  pF 
shunting  the  load.  The  amplitude  la  further  reduced 
since  thara  Is  Insufficient  energy  In  tha  delivered 
pulse  to  charge  the  increased  capacitance  quickly. 

Figure  4  shows  tha  pulsewldth  (at  30  percent 
point)  aa  a  function  of  source  voltage  for  the  same 
cases  of  Interest.  Mote  that  with  only  tha  stray 
capacitance  present  the  pulsewldth  for  tha  100  ohm 
resistance  exceeds  that  for  the  30  ohm.  This  Is 
anticipated  since  the  EC  time  constant  Is  larger. 

Thus  a  longer  time  la  needed  for  the  stray  capaci¬ 
tance  to  charge  up,  as  wall  as  to  discharge.  Also, 
note  that  for  tha  same  resistance  of  30  ohms  the 
addition  of  shunt  capacltancs  widens  the  pulsewldth. 


Figure  Sa  shows  a  photograph  of  the  output  wave¬ 
form  for  tha  30  ohm  load,  with  only  the  stray  capaci¬ 
tance  present.  Note  that  some  pulse  top  flatness 
(approximately  2  ns  wide). aay  be  ascribed  to  the 
pulse.  Generally,  the  pulses  were  more  square  at  the 
lower  voltages.  For  example,  the  same  pulse  top  at 
4  kV  was  about  3  ns .  The  degree  of  pulse  f 1st ness  was 
significantly  enhanced  by  increasing  the  heater  volt¬ 
age  (pulse  characteristics  were  much  leas  affected  by 
keep-alive  grid  current  and  reaervolr  voltage) . 

Aside  from  pulse  flatness  the  heater  voltage  also  had 
a  strong  impact  on  pulse  amplitude.  For  example,  with 
a  constant  source  voltage  of  6  kV  the  pulse  amplitigle 
across  a  100  ohm  load  was  2168  volts  at  6.0  volts, 
and  Increased  to  2833  volts  at  7.3  volts.  This 
effect  Is  attributed  to  a  voltage  drop  in  the  cathode 
coating  which  Is  temperature  dependent.  Dissipation 
In  the  cathode  Is  sore  prominent  for  low  average  power 
operation,  a  condition  which  prevailed  during  the 
experiment. 

Figure  5b  shows  the  waveform  under  the  same 
conditions  of  Figure  3a  but  with  an  additional  30  pF 
across  the  load.  Note  the  obvious  fact  that  the  pulse 
top  has  disappeared  as  a  result  of  the  Increased  rise¬ 
time  and  falltime. 

Application  To  Millimeter  Nava  Tubes 

Tha  prasant  pulsar  has  direct  application  to  m 
wave  tubas.  They  Include:  extended  Interaction 
oscillators  and  amplifiers  (EIO  and  EIA) ,  magnetrons, 
and  traveling-wave-tubes  (TUT) .  In  all  these  tubes 
the  impedance  is  similar:  roughly  10  to  50  pF  capaci¬ 
tance  (tha  exact  value  dependent  on  the  amount  of 
stray)  shunted  by  a  fairly  large  resistance.  Tha 
reslstanca  Is  savaral  thousand  ohms  In  tha  case  of  tha 
EIO,  EIA,  and  TUT.  For  tha  magnetron  tha  raslstance 
Is  much  lowar  -  on  the  order  of  several  hundred  ohms. 

By  shunting  the  tube  with  an  external  resistance 
substantially  smaller  than  tha  tuba  raslstance,  no 
pull-down  circuit  Is  required  since  tha  shunt  quickly 
discharges  the  tube  capacitance.  Energy  Is  dissipated 
In  the  added  shunt  (with  a  concurrent  lowering  of 
efficiency),  but  this  Is  a  penalty  one  must  pay  In 
order  to  obtain  narrow  pulse  modulation  in  a  simple 
manner.  It  should  be  noted  that  by  adding  tha  SO  ohm 
shunt  to  che  tube,  the  impedance  level  Is  entirely 
compatible  with  the  thyratron  pulsar  investigated 
hare.  The  loads  studied  provide  a  reasonably  good 
simulation  of  tha  tube  Impedance  (including  50  ohm 
shunt)  since  both  the  resistive  and  capacitive 
elements  are  similar. 

Tha  modulator  will  first  be  tested  with  a  95 
glgaherts  (GHz)  magnetron,  EHV  model  M5163 ,  operating 
at  peak  voltage  of  10  kV.  As  mentioned  previously 
the  tube  load  Is  a  parallel  combination  of  capaci¬ 
tance  and  a  resistance  of  savaral  hundred  ohms.  The 
equivalent  resistance,  however.  Is  In  series  with  a 
biased  diode,  l.e.,no  substantial  current  Is  drawn 
from  che  magnetron  until  a  threshold  Is  achieved, 
roughly  80  percent  of  the  peak  voltage.  This  type  of 
load  lends  Itself  to  pedestal  pulsing  techniques. 
Under  present  plans  the  magnetron  will  be  pedestal 
pulsed.  In  which  the  pedestal  will  be  an  8  W  pulse, 
about  30  ns  wide.  Tha  pedestal  will  be  produced  by 
either  e  magnetic  modulator,  hard  tube,  or  possibly 
another  thyratron.  Tha  narrow  pulse  (or  "silver"), 
produced  by  the  shielded  thyratron,  will  be  super¬ 
imposed  on  tha  pedestal  to  give  the  requlrad  10  kV 
(Fig.  6). 


Conclusions 
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Figure  1.  Thyratron  With  Coaxial  Return  Structure. 
Storage  In  SO  Otm  Coaxial  Cable 


Figure  2.  Thyratron  With  Coaxial  Return  But  With 
Energy  Storage  Between  Return  Structure 
And  Inner  Shield  (Mot  to  Scale) 
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Figure  5a.  Voltage  Waveform  For  SO  Ohm  toad. 
Source  Voltage:  8  kV 
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Figure  58 .  Waveform  Under  Saae  Conditions  As  In 
Figure  5A  But  With  Additional  30  pF 
Across  Load 
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Figure  6.  Pedestal  Pulsar  Circuit 
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Abstract 

Reliability  and  equipment  life  are  major  issues 
for  emerging  repetitive  pulse  systems.  The  present 
technology  base  of  switching,  dielectrics  and  power 
conditioning  is  examined  to  determine  how  these  issues 
may  be  addressed  with  a  minimum  of  new  development 
expenditures. 

Beyond  this,  it  is  foreseen  that  new  developments, 
particularly  in  solid-state/magnetic  component*  and 
circuitry  will  be  necessary  to  meet  the  more  severe 
equipment  requirements. 

Design  Issues  and  Engineering  Techniques  for 
kepetitively Pulsed  Systems 

The  achievement  of  performance  reliability  is  a 
prime  goal  for  all  repetitively  pulsed  systems.  This 
reliability  must  be  pertinent  to  the  life  and  mission  of 
the  equipment,  ranging  from  the  exceptional  demands 
of  power  plant  duty  to  the  limited  expectations  of  exper¬ 
imental  equipment. 

In  some  cases  there  are  a  number  of  constraints 
which  bear  upon  the  design  effort  needed  to  reach  the 
necessary  performance  and  reliability.  Some  of  these 
are  size,  weight,  environmental  factors,  maintenance 
cycle  and  cost.  A  combination  of  these  can  seriously 
strain  the  available  technology. 

A  subjective  ordering  of  systems  by  degree  of 
difficulty  with  contributing  design  constraints  is  given 
in  Table  1.  The  majority  of  these  systems  which 
require  pulsed  power  drivers  have  been  conceived 
within  the  past  10  years;  and  as  they  emerge  from 
single-shot  feasibility  stud1#*,  the  repetitive  pulse 
specifications  must  be  ad'  :  »ad.  The  total  pulsed 
technology  base  is  neither  --.rong  nor  adequate  in  the 
sense  that  these  demands  have  been  anticipated  and, 
under  the  circumstances,  requires  the  most  effective 
deployment  of  existing  and  developing  pulsed  power 
techniques. 


Most  subsystems  and  components  which  have  been 
used  or  which  have  a  developmental  potential  for 
pulsed  power  have  parameter  ranges  and  characteris¬ 
tics  which  make  them  uniquely  suitable  for  certain 
duties.  The  intention  here  is  to  examine  energy  stor¬ 
age,  switches  and  power  conditioning  techniques  from 
the  viewpoint  of  exploiting  this  uniqueness  while  main¬ 
taining  the  priority  of  total  system  considerations  dur¬ 
ing  the  system  engineering  phase. 

System  Engineering 

In  this  phase  it  is  essential  to  negotiate  a  specifi¬ 
cation  which  takes  into  account  the  difficulty  factors  of 
all  the  subsystems.  For  example,  in  E-beam  pumped 
lasers,  the  specification  of  <  10  percent  rise  and  <20 
percent  fall  times  for  the  pulse  to  reduce  anode  foil 
design  problems  will  have  a  serious  influence  on  the 
pulse  generator  reliability  and  costs.  Further,  imbal¬ 
ances  in  specification  may  exclude  the  consideration  of 
some  desirable  technology  options. 

It  is  here  that  the  relative  difficulties  of  dielec¬ 
trics  and  switching  are  evaluated  and  the  degree  of 
modularity  is  determined.  K  is  here  also,  whenever 
size  and  weight  are  design  constraints,  that  the 
demands  of  the  pulse  generator  dielectric  upon  the 
overall  power-conditioning  are  determined. 

Dielectrics 

The  literature  of  solid,  liquid,  gas  and  vacuum 
dielectrics  is  extensive  for  ac,  dc  and  single  pulse 
stresses.  However,  very  little  information  exists  in 
an  organized  form  for  the  nanosecond-microsecond 
repetitive  stresses  of  interest  here.  This  is  not  sur¬ 
prising  since  quite  elaborate  test-beds  are  required 
for  these  dielectric  studies.  Leaving  aside  the  gas 
medium  which  is  simple,  and  vacuum  which  is  not,  the 
use  of  liquid  and  solid  media  is  most  interesting  for 
repetitive  systems. 


TABLE  l 

SELECTION  GUIDE  FOR  DIELECTRICS  AND  SWITCHES 


System 

(Order  of  Difficulty) 

Particular  Constraints 

Dielectrics 

Switches 

Liquid’ 

Normal 

Process 

Liquid 

Special 

Process 

Solid 

■mi 

Hi 

Solid- 

State 

Magnetic 

1.  Space 

X 

*> 

X 

2.  Industrial 

Cost,  Efficiency 

X 

X 

X 

X 

X 

3.  Mobile  (MU) 

SUe,  Weight 

X 

X 

■a 

X 

X 

4.  Static  (Mil) 

WU 

HI 

X 

X 

X 

S.  Experimental 

X 

X 

X 

X 
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The  technology  of  single  pulse  systems  hss  been 
bssed  on  the  use  of  water  or  oil  in  pulse-forming  lines 
( PFLs)  and  advantage  has  been  taken  of  the  Increased 
energy  densities  obtainable  by  charging  these  PFLs  in 
Sl.O  nsec  (~  103/ 1  for  oil,  ~  100J/j  for  water).  (l>(2) 
This  mode  has  promoted  the  development  of  fast  charg¬ 
ing  generators,  such  as  the  low  impedance  Marx. 

(1-2  pH/MV) 

With  repetitive  stresses  the  initiation  of  streamers 
in  the  liquid  media  must  be  avoided,  as  the  rationale 
for  fast  charging  technology  weakens  and  there  is  a 
stronger  case  for  using  slower  charging  generators 
which  have  potentials  for  promoting  more  reliable  and 
simpler  power  conditioning  systems. 

Deionized  water  is  a  special  and  important  case. 

If  longer  charging  times  are  to  be  used,  then  the  resist¬ 
ivity  must  be  increased  to  give  acceptable  generator 
efficiency.  (3)  This  can  be  accomplished  by  cooling  the 
waterH)(5) to  raise  operating  resistivities  of  —  10  M £1 
-cm  by  factors  of  4  or  5. 

Although  high  energy  densities  in  PFLs  are  of 
great  interest,  consistency  of  dielectric  performance 
will  demand  quality  control  of  the  media  with  respect 
to  contaminants,  gas  content,  temperature  and  pres¬ 
sure.  With  respect  to  the  latter,  it  is  probably  more 
Important  to  exploit  the  advantages  of  modest  hydro¬ 
static  pressure  levels^  than  to  use  high  pressures 
for  significant  increases  of  breakdown  stress.  <7) 

Solid  dielectric  PFLs  provide  a  high  level  of  insen¬ 
sitivity  to  charge  time  and  give  the  prospect  of  obtain¬ 
ing  most  reliable  operation  whan  coupled  with  devel¬ 
oping  rotating  or  solid-state  prime  power  and  power 
conditioning  devices.  (8)  Sl.ce  solid  dielectric  is  not 
self-healing,  the  corona  inception  levels  of  these  PFL 
assemblies  should  be  kept  well  above  the  equipment 
operating  level.  Unlike  other  dielectric  systems,  how¬ 
ever,  no  dielectric  processing  ancillaries  would  be 
required. 

Recommendations  for  dielectric  usage  are  given 
in  Table  1. 

Switches 

Switch  technology  is  recognised  as  the  crucial  part 
of  repetitive  pulsed  power  systems.  With  simplifica¬ 
tion,  it  can  be  said  that  there  are  three  sets  of  param¬ 
eters  for  closing  switch  duty: 

psec  range:  rp  to  500  kV,  up  to  100  Hz 

nsec  range:  up  to  250  kV,  100  to  1000  Hz 

nsec  range:  more  than  1  MV,  10  to  100  Hz 

At  present,  there  are  two  switch  types  to  use  as 
yardsticks  of  practicability,  the  flowing -gas  spark- 
gap  and  the  thyratron,  either  separately  or  in  syner¬ 
gistic  combination. 

The  gas  spark-gap  has  exceptional  di/dt  and  peak 
power  capabilities^  but  its  characteristics  of  life  and 
pulse  repetition  have  not  been  adequately  explored.  It 
is  known  that  repetition  rates  In  the  kilohertz  range  are 
possible  with  10*  -107  shot  life  at  10-100  kilowatt  aver¬ 
age  power  levels.  The  choice  of  wpark-gaps  is  reason¬ 
able  when  high  peak  powers  and  di/dt  values  are 
required,  but  is  speculative  when  Industrial  types  of 
duty  are  Involved. 

In  the  megavolt- nano  second  pulse  range,  the  spark- 
gap  Is  the  only  switch  available  and  the  system  engi¬ 
neering  should  reflect  this  as  the  major  Issue, 


At  present  it  is  important  to  apply  the  peak  power 
and  di/dt  properties  of  the  spark-gap  as  widely  as 
possible.  To  this  end,  the  two-electrode  spark-gap 
used  in  the  over-volted,  peaking  mode  is  useful. 

Because  of  the  lower  resistive  phase  losses  in  the 
over-volted  mode  and  consequent  lower  gas  flow  rates, 
the  electrode  erosion  rates  have  been  observed  to  be 
approximately  an  order  of  magnitude  less  than  those 
for  triggered,  three- electrode  gaps.  With  this  poten¬ 
tial  for  longer  life  the  spark-gap  can  supplement  the 
di/dt  performance  of  a  thyratron  main  switch  of  sub¬ 
megavolt  potentials  in  the  nanosecond  range  at  pulse 
repetition  frequencies  up  to  a  few  kilohertz. 

The  ceramic,  hydrogen/deuterium  thyratron  is 
generally  capable  of  multikilohertz  operation  with  good 
reliability  for  thousands  of  hours.  However,  for  pres¬ 
ent  use  its  voltage  is  limited  to  <  100  kV  with  di/dt 
levels  of  £  10**  A/sec. 

This  situation  is  rapidly  changing  with  development 
efforts  to  raise  the  di/dt,  peak  and  average  power 
bursts. '  *  *'  The  scaling  laws  for  these  devices  are 
now  reasonably  understood  and  there  are  near-term 
expectations  for  multikilovolt,  10 12  A/sec  operation 
at  very  high  peak  and  average  power.  The  limits  are 
seen  to  be  set  by  practical  ceramic  diameters.  The 
thyratron  is  therefore  a  major  developing  candidate  for 
all  but  the  highest  voltage,  repetitive  duties. 

Consideration  of  the  extreme  requirements  of  a 
space-based  system  gives  emphasis  to  what  would  be 
desirable  in  most  land-based  systems.  It  is  unlikely 
that  spark-gaps  could  be  used  in  space;  the  auxiliaries 
alone  would  be  undesirable.  Thyratrons  might  be  pos¬ 
sible,  particularly  the  cold  cathode  version.  Ultimately 
the  choice  would  be  for  "passive"  devices,  free  of 
random  events. 

Assemblies  of  light-activated  SCRs  have  an  excel¬ 
lent  potential,  provided  that  the  reliability  of  the  light 
source  can  be  as  high  as  that  for  the  device  itself. 
Interests  other  than  pulsed  power  are  likely  to  advance 
this  technology. 

The  publications  of  Melville  (1950)(U)  and 
Katayev  (1963)03)  provide  the  basis  not  only  for  new 
switch  developments  but  for  new  pulse  generator  con¬ 
cepts  which  are  entirely  compatible  with  highly  reli¬ 
able  systems. 

The  principles  of  operation  of  the  Melville  line 
are  illustrated  in  Figures  la  and  lb.  A  thyristor 
switches  a  first  capacitive  energy  store  to  a  number 
of  network  sections,  each  containing  a  series, 
saturable  reactor  brtach.  By  successfully  reducing 
the  volt- seconds  and  saturated  inductance  of  the 
branchr-,  the  discharge  current  is  incrementally 
compressed  to  shorter  durations  and  higher  peak  cur¬ 
rents.  Voltage  transformations  are  possible  within 
the  chain  by  converting  to  shunt  saturable  transformer 
branches.  This  lumped  circuit,  nonlinear,  artificial 
line  technology  has  its  pulse  shaping  limits  imposed  by 
the  "sequences"  of  the  core  material  B-H  loop  and  the 
minimum  saturated  inductances  which  can  be  obtained. 

Katayev  recognises  the  pulse  forming  limitations 
of  lumped  circuits  and  rigorously  analyses  the  pulse 
sharpening  characteristics  of  ferrite  loaded  transmis¬ 
sion  lines,  which  are  essentially  the  distributed  com¬ 
ponent  versions  of  the  Melville  line. 

The  progression  from  lumped  to  distributed  com-  ( 
ponent  configuration  is  seen  by  Katayev  to  be  a  two  ' 
stage  process  of  pulse  generation  and  pulse  sharpening 
and  it  would  seem  profitable  to  develop  this  technology 
in  both  its  forms. 
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FIG  1*  LUMPED  COMfONENT-MELVILLE  LINE 


1  ■  INTERNAL  AND  EXTERNAL  CONDUCTORS 

2  -  DIELECTRIC  LAYER 

3  ■  FERRITE  LAYER  CONSISTING  OF  RINGS  THREADED 

OVER  THE  INNER  CONDUCTOR 

FIG  1b  -  DISTRIBUTED  COMPONENT-FERRITE  LINE 


Figure  1.  Magnetic  Pulse  Generation  and  Sharpening 


A  suggested  listing  of  the  potential  and  fields  of 
application  for  the  various  switch  types  is  given  in 
Table  1. 

Power  Conditioning 

The  scope  of  power  conditioning  can  have  various 
definitions:  here  it  is  defined  as  that  equipment  required 
to  charge  the  first  pulsed  energy  store  from  a  prime 
power  source.  This  has  been  trivial  for  single-shot 
systems  but  with  the  average  power  needs  of  repetitive 
systems  in  the  range  10^  -10®  watts,  it  is  now  impor¬ 
tant.  Since  this  importance  is  not  limited  to  power 
levels,  power  conditioning  must  be  a  part  of  the  sys¬ 
tem  design  philosophy  aimed  at  reliability  and  life. 

The  nuances  of  dielectrics  and  switching  point  to  sim¬ 
pler,  "  slower"  systems  for  maximum  reliability.  Of 
course,  the  "speed"  of  the  ultimate  stage  is  deter¬ 
mined  by  the  load. 

The  simplest  possible  scheme  would  be  one  in 
which  the  prime  power  source  changes  the  final  energy 
via  a  magnetic  voltage  transformation.  This  it  seen 
as  a  developing  possibility  for  the  compensated  pulsed 
alternator(S)  if  die  final  energy  store  is  suitable  for 
SO- 100  psec  charging  time. 

H  there  is  a  dc  source,  die  application  of  high 
frequency,  solid-state  inverter  or  chopper  circuitsO®) 
for  directly  charging  the  energy  store  has  a  number  of 
merits.  The  use  of  10-25  kHz  circuit  frequencies  leads 
to  a  reduction  of  magnetic  component  sises  and  weights; 
since  the  energy  is  transmitted  in  small  increments 
the  potential  fault  conditions  are  less  severe:  by  com¬ 
parator  control  of  the  SCR  switch  triggering,  die  volt¬ 
age  of  the  energy  store  can  be  controlled  to  fine  limits 
even  with  significant  variations  of  the  prime  source 
voltage.  The  effective  use  of  this  technology  requires 
charging  periods  in  the  order  of  a  millisecond. 

If  significant  energy  storage  is  required  at  the 
prime  power  source,  men  inductive  storage  will  have 
its  usual  advantages.  For  repetitive  systems,  the 


usual  concepts  of  the  opening  switch  are  not  appropri¬ 
ate  -  it  is  required  to  extract  energy  in  discrete  quan¬ 
tities.  Here  again,  modern  inverter  technology  can 
be  applied.  In  this  mode,  the  inductive  store  current 
is  not  interrupted  but  diverted  to  secondary  circuits 
which  "capture"  the  energy  incrementally  for  transfer 
to  the  following  power  conditioning  circuits.  These 
techniques  were  investigated  as  potential  power  sup¬ 
plies  for  fusion  reactor  field  collst11)  and  may  be 
revised  to  meet  the  requirements  of  future  pulsed 
power  systems. 

Conclusions 

In  the  near-term,  it  is  possible  to  move  towards 
resolutions  of  the  reliability  and  life  issues  by  the 
impartial  melding  of  components  and  techniques. 

In  the  first  place,  the  load  pulse  specification 
should  be  no  mors  severe  than  necessary,  for  this 
determines  the  ultimate  switching  duty.  The  dielectric 
choice  and  treatment  should  promote  the  use  of  slower, 
more  reliable  power  conditioning  methods,  particularly 
the  high-frequency,  solid-state  inverter  techniques. 

By  means  of  creative  systems  engineering  with  the 
present  pulsed-power  technology  base,  it  is  possible 
that  all  but  the  most  severe  Industrial  and  space 
requirements  can  be  met. 

For  ths  longer  term,  the  development  of  solid- 
state  and  magnetic  circuitry  seams  inevitable. 
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Summary 

The  design  and  operation  of  a  modulator/ 
pulser  system  for  powering  a  high-power  laser 
is  described.  Starting  with  a  30-kv,  360-kW 
dc  power  supply,  there  are  three  resonant 
stages  with  energy  transferred  in  350  us,  5 
us,  and  85  ns.  The  first  two  stages  are 
switched  with  thyratrons.  The  output  stage 
consists  of  eight  parallel  water  Blumlein 
networks  each  switched  by  a  spark  gap 
switch.  The  output  voltage  is  50  to  85  kV. 
Jitter  of  o  <  5  ns  is  required. 

The  1-percene  voltage  regulation  needed 
to  achieve  this  jitter  specification  is  accom¬ 
plished  with  a  thyratron  in  the  grounded  sec¬ 
ondary  of  a  2:1  transactor.  The  regulation 
must  accommodate  a  snap  start  from  1  to  103  Hz 
Extensive  fault  detection  and  transient  pro¬ 
tection  are  used  to  guard  against  a  variety  of 
possible  faults  and  interactions.  Single¬ 
point  grounding  and  double  shielding  are  used 
to  reduce  sensitivity  to  a  noisy  environment 
and  to  contain  generated  noise. 

The  Blumlein  trigger  system  is  charged  by 
the  second  stage  and  fired  with  a  ninth  spark 
gap  switch.  It  also  provides  bias  for  the 
eight  Blumlein  switches. 

Introduction 

This  pulser  system  was  designed  to  meet 
the  rather  exacting  needs  of  a  high-power 
laser.  Table  1  summarizes  the  principal 
specifications. 


Table  1  Laser  pulser  system  specifications. 


• 

Pulse  Amplitude 

85  kV  max. 

(peak) 

50  kV  min 

• 

voltage  Risetime 

<  85  na 

• 

Pulse  Polarity 

Positive 

• 

Fast  Energy 

144  joules  in 

50  ns 

• 

Total  Energy 

222  joules/pulse 

• 

Average  Power 

<  222  kW  into  laser 

Jitter 

a  <  5  ns 

Load 

0.25  Q 

• 

Repetition  Rate 

1  to  1  kHz  (variable) 
for  10  minutes  with 
snap  start  capability 

Variation  of  Blumlein  charge  voltage 
contributes  directly  to  jitter.  In  turn,  the 
stringent  jitter  specification  over  the  wide 
range  of  frequencies  with  a  snap  start  leads 
to  a  requirement  for  modulator  voltage  regula¬ 
tion  of  better  than  1  percent. 

Design  Approach 

The  laser  ia  large  and  requires  a  very- 
low-  impedance  driver  (0.25  ohm).  The  voltage 
has  to  rise  rapidly.  Therefore,  eight  par¬ 


allel  triaxial  water  Blumlein  modules  (2  ohms 
each)  are  connected  directly  to  the  laser 
electrodes.  Four  Blualein  modules  are  placed 
on  each  side  in  an  array  much  like  a  v-8 
automobile  engine.  The  voltage  must  rise 
rapidly  (1  kv/ns)  which,  in  these  low  imped¬ 
ance  circuits,  demands  very  low  inductance 
switches  with  rapid  turn-on.  These  require¬ 
ments,  of  course,  lead  to  a  high  dl/dt 
(8  x  lO3,1  amps/a  per  switch).  No  thyratron 
offered  the  necessary  combination  of  para¬ 
meters.  Therefore,  an  air-blown  spark  gap 
switch,  described  in  a  companion  paper 
presented  earlier  in  the  symposium,  was 
developed. 1  These  spark  gaps  switch  the 
Blumlein  modules  which  constitute  the  output 
stage  of  this  pulser  system. 


Figure  1  Simplified  circuit  diagram  of  pulser 
system. 


A  modulator  in  turn  charges  up  the  Blum¬ 
lein  modules.  For  the  simplified  system 
circuit  diagram,  see  Figure  1.  Briefly,  the 
modulator  (see  Figure  2)  starts  with  an  exter¬ 
nal  30-kV,  12-amp  dc  power  supply  feeding  an 
internal  filter  capacitor  (see  Figure  3).  The 


Figure  2  Modulator  (left)  with  360-kW 
power  supply. 
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Figure  3  Modulator  out  of  tank  showing 
filter  capacitors  in  front  of 
transactor  with  ignitron  and 
mechanical  crowbars;  regulator 
circuit  v2  is  to  left. 


first  resonant  stage  charges  the  intermediate 
store  capacitors,  C 2,  (eight  in  parallel)  to 
48  kV  through  a  transactor  (transformer/ 
reactor),  i,,  and  smaller  parallel  isolating 
inductors,  l,  and  L2 ,  and  damping  resistors, 

.  Command  firing  is  through  a  floating  deck 
hydrogen  thyratron,  Vj ,  (see  Figure  4)  with 
series  diodes,  CRj,  to  help  provide  a  gentle 
recovery.  Ground  return  diodes,  CR 2,  isolate 
the  power  supply  ground  from  the  second  stage 
pulse.  The  ringup  time  is  a  maximum  of 
350  us;  it  is  followed  by  a  hold  period  of 
3S0  us  to  provide  the  voltage  regulating 
thyratron,  V2,  in  the  secondary  of  the  trans¬ 
actor,  with  ample  time  to  recover. 

The  second  resonant  stage  discharges  the 
eight  intermediate  store  capacitors,  C2,  with 
the  firing  of  thyratron  V3  (see  Figure  5). 


Figure  4  Command  charge  floating  deck 
(Vjj  on  left  and  regulator 
circuit  (V?)  on  right. 


Figure  5  Enclosed  output  stage  (V3)  of 

modulator  with  Blumlein  trigger 
module  and  transactor  behind. 

Each  channel  goes  through  a  coaxial  cable  to 
its  associated  Blumlein  module.  Equal  induc¬ 
tances,  L2  and  L3,  at  each  end  of  the  cable 
keep  its  voltage  near  24  kV,  halving  the  cable 
voltage  requirements.  A  reverse  shunt  diode, 
CR3,  protects  V3  from  reverse  current,  in 
series  with  CR3  is  a  damping  resistor,  R2,  for 
damping  oscillations  in  normal  operation,  and 
a  metal  oxide  varistor  (MOV)  network,  CR4  and 
R3,  to  limit  the  reverse  voltage  on  V3  in  the 
event  of  a  Blumlein  module  no-fire,  prefire, 
or  breakdown.  The  Blumlein  module  is  shown  in 
simplified  form  as  the  capacitances  of  the 
inner  C3  and  outer  C4  coaxial  lines.  The 
inner  circuit  is  completed  through  an  induc¬ 
tor,  L.,  within  the  Blumlein.  With  10  megohm- 
cm  water  the  RC  decay  time  of  the  Blumlein 
modules  is  70  us,  so  the  ringup  time  is  chosen 
to  be  S  us.  This  charge  tlm  allows  uniform 
voltage  distribution  on  the  Blumlein. 

The  Blumlein  nodule  and  switch  design  are 
shown  in  a  simplified  form  in  Figure  6.  This 
is  described  in  more  detail  in  the  previously 
cited  paper. 


Control  and  Regulation 


In  order  to  avoid  damage  to  the  various 
parts  of  the  pulser  system,  a  fault  detector 
system  is  used.  It  is  designed  to  sense  a 
variety  of  faults  and  to  display  which  faults 
occurred  first.  These  faults  include  the 
following: 


1.  Intermediate  store  short 

2.  and  V3  latchup 

3.  Vj  or  Vj  no-fire 

4.  V,  arc  back 

5.  Charge  voltage  too  high  or  too  low 

6.  No  output 

7.  Blumlein  trigger  no-fire  or  prefire 


The  responses  range  in  severity  as  follows: 


1.  Skip  one  pulse 

2.  Skip  three  pulses 

3.  Turn  off  high  voltage 

4.  Fast  crowbar 


The  fourth  response  is  experienced  only  for  a 
direct  charging  fault,  A n  ignitron,  V4,  is 
used  <:o  quickly  remove  voltage  from  the  thyra- 
trons.  This  action  puts  a  short  circuit  on 
the  power  supply,  which  in  turn  protects  it¬ 
self  by  opening  its  contactor.  A  mechanical 
crowbar  switch  is  then  activated  for  addi¬ 
tional  safety. 


The  charging  voltage  on  the  intermediate 
store  capacitors  is  regulated  by  firing  v2 
shortly  before  the  peak  of  the  1-cos  wave. 

The  phase  back  angle  is  32*  for'ateady 
operation  with  the  nominal  input  voltage. 

The  design  range  is  from  20*  for  a  steady 
operation  at  5  percent  low  input  voltage  to 
51*  for  snap  start  at  5  percent  high  input 
voltage.  The  oil-cooled  resistors  are  sized 
to  accommodate  this  latter  power  level  (60  kW) 
until  power  supply  regulation  and  adjustment 
can  take  place.  The  value  of  resistance 
necessary  to  ensure  transfer  of  current  from 
the  transactor  primary  to  secondary  also 
yields  an  excessive  L/R  decay  time.  Conse¬ 
quently,  V2  might  still  be  carrying  current 
when  V.  next  fires.  Therefore,  a  slightly 
underdamped  RLC  circuit  (R4,  Rr,  C5)  is  used 
to  ensure  that  the  current  in  v2  goes  to  zero 
promptly,  and  to  provide  a  small  negative 
anode  voltage  when  it  does.  With  a  negative 
grid  bias,  deionization  is  certain. 


when  V2  fires  must  transfer  to  the  inter¬ 
mediate  store  rather  than  the  transactor 
secondary.  Therefore,  the  voltage  control 
circuit  must  anticipate  the  ultimate  charge 
voltage  and  fire  v2  somewhat  early.  This 
correction  is  a  function  of  the  firing  angle. 


ger  Circuits 


The  three  thyratrons  and  the  crowbar 
ignitron  are  all  fired  with  external  tbyratron 
trigger  circuits.  Each  is  coupled  through  an 
isolation  pulse  transformer. 


The  Blumlein  Trigger  Nodule  is  mounted 
within  the  modulator  tank.  It  has  eight 
parallel  outputs  going  to  the  eight  Blumlein 
switches,  Si.  The  Blumlein  trigger  output  is 
switched  with  a  ninth  blown  spark  gap  switch, 
S2,  identical  to  the  eight  in  the  Blumlein 
modules. 


A  small  intermediate  trigger  store  capa¬ 
citor,  C 6,  is  also  charged  (through  Lc  and  Rs) 
in  parallel  with  the  other  eight.  It  is  dis¬ 
charged  through  Lc  and  R 7  with  the  same  half 
period  (5  us)  as  its  neighbors;  however,  it 
transfers  its  charge  into  the  series  combina¬ 
tion  of  the  trigger  capacitance,  C 7,  and  the 
parallel  trigger  cables'  capacitance.  By 
picking  the  proper  cable  length  the  proper 
Blumlein  switch  trigger  bias  is  provided. 


Test  Setup 


A  test  facility  built  at  Physics  Inter¬ 
national  consists  of  two  Blumlein  modules 
arranged  in  a  v-2  configuration  (see  Fig¬ 
ure  7).  The  dummy  load  consists  of  a  self¬ 
breaking  blown  spark  gap  and  series  salt 
solution  resistor  simulating  the  breakdown, 
resistance,  and  inductance  of  1/4  of  the 
laser.  In  order  to  test  all  channels  of  the 
modulator,  a  coaxial  water  load  was  built  in 
an  industrial  coffee  urn  with  a  soft  drink 
cylinder  for  the  center  conductor  (see  Fig¬ 
ure  8).  initially,  all  eight  chanr.sls  are 
tested  into  this  dummy  load.  Lat.er,  two 
output  cables  were  transferred  to  the  V-2 
setup  for  final  tests.  The  channels  are  not 
all  Identical,  but  the  two  types  of  load 
proved  to  be  compatible. 


Figure  7  Two  Blumblein  modules  in  v-2 
test  load  with  oil,  air,  and 
watar  manifolds  plus  charging 
and  trigger  inputs. 


Sines  there  is  stray  inductance  in  the 
transactor  primary  the  energy  stored  there 
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Figure  8  Coaxial  water  load  on  left  and 
back  of  V-2  test  load  on  right. 


Teat  Results 

The  full  system  has  been  operated  in 
preliminary  tests  at  up  to  1  kHz  with  dc  input 
voltages  from  19  to  26  kV.  This  level  of 
operation  corresponds  to  a  maximum  output 
voltage  over  40  kV.  These  preliminary  tests 
indicate  that  the  circuit  will  perform  as 
expected.  The  initial  jitter  was  less  than 
5  ns  rms.  Testing  is  continuing. 

The  voltage  and  current  waveforms  corres¬ 
pond  well  to  those  predicted  in  computer  runs. 
The  command  charge  tube  (V.)  anode  rings 
slightly  negative  for  10-15  ns,  as  predicted. 
The  tube,  an  HY-5432,  recovers  faster  than 
expected  and  winks  out  at  normal  reservoir 
voltages.  At  higher  reservoir  voltages  it 
fires  when  the  output  tube  (Vj)  fires.  This 
combination  requires  more  control  grid  capaci¬ 
tance  to  prevent  double  pulsing,  and  a  larger 
bias  resistor  to  slow  recovery,  which  in  turn 
requires  a  parallel  diode  to  allow  trigger¬ 
ing.  These  were  the  principal  modulator 
circuit  design  changes.  Various  signal  level 
changes  were  also  required  for  the  fault  de¬ 
tector  circuit.  Lastly,  the  output  capacitors 
were  changed  to  units  with  a  lower  stress 
l«vel  to  prolong  life. 

Shielding 

This  pulser  system,  which  must  operate  in 
a  high-noise  environment,  also  is  itself  a 
potential  source  of  noise.  Therefore,  pains 
must  be  taken  to  control  noise. 

The  whole  pulser  system  floats  within  an 
outer  shield.  The  pulser  system  and  outer 
shield  are  tied  together  only  at  the  ends  of 


the  eight  coaxial  output  cables  and  the  eii 
coaxial  trigger  cables.  Bach  of  these  sixtc..< 
cables  has  an  added  outer  braid  which  is  iso¬ 
lated  everywhere  except  at  the  load  end.  Even 
there,  separate  joints  are  made  to  reduce 
leakage.  The  ground  is  made  at  the  laser 
cavity  so  that  there  are  16  symmetrical 
"single  point  grounds."  This  design  accom¬ 
plishes  the  desired  goal. 

Because  there  is  no  connection  to  the 
modulator  tank,  no  deliberate  current  flows 
across  the  lid  joint,  which  has  an  RF  gas¬ 
ket.  The  same  arrangement  continues  into  the 
power  supply  tank.  The  power  is  carried  on  a 
coaxial  cable  isolated  inside  an  external 
braid. 

All  controls  are  within  shielded  enclos¬ 
ures.  Control  cables  are  shielded  and  run 
through  outer  braids.  Two-conductor  cables 
are  filtered  at  the  point  where  they  enter  the 
modulator  tank.  All  transformers  to  the 
thyratrons  are  double  shielded.  This  design 
also  reduces  coupling  to  the  floating  deck 
modulator  tube,  V^. 

The  Blumlein  module  joints  are  the  great¬ 
est  potential  source  of  noise.  The  currents 
at  these  joints  are  the  highest  in  the  system, 
and  the  risetime  the  shortest.  In  addition, 
it  was  not  feasible  tc  double-shield.  Conse¬ 
quently,  crushed  soft  metal  gaskets  are  used 
on  all  current-carrying  joints  to  ensure  low 
contact  resistance  and  therefore  low  leakage. 

Conclusions 

Preliminary  results  of  testing  on  this 
high-power  laser  pulser  confirm  the  design 
approach,  and  the  indication  is  that  the 
design  will  satisfy  the  system  specifications. 
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Next  generetlon  application  of  Marx  Banka  to 
power  high  energy  lasers  and  electron  bean*  will  re¬ 
quire  circuits  capable  of  repetitive  operation  rang¬ 
ing  up  to  kilohertz  (kHz)  frequencies.  This  require¬ 
ment  poses  severe  difficulties  for  the  traditional 
Marx  switching  component,  the  spark-gap.  To  obtain  a 
low  pre-fire  probability  on  this  device  will  require 
extraordinary  research  end  development  (R&D)  efforts, 
and  likely  produce  circuits  and  configurations  that 
are  much  less  coapact  than  their  single-shot  counter¬ 
parts.  Consequently,  this  investigation  was  initi¬ 
ated  to  study  the  particular  problea  areas  chat  would 
be  encountered  by  using  chyratrons,  as  an  alternative 
concept,  for  switching  elements  in  a  repetitively 
pulsed  Marx  generator. 

Relatively  high  repetition  rates,  low  voltage 
Crlgger  requirements,  end  high  reliability  ere  well 
known  characteristics  of  thyratron  devices.  The 
major  problem  area  encountered  in  an  experimental 
circuit,  using  a  conventional  thyratron  type,  was 
reduction  of  total  anode  delay  tine  during  the  tran¬ 
sition  period  from  a  parallel  to  series  connection. 
Results  of  the  investigation  are  promising  and  iden¬ 
tify  inherent  design  and  construction  criteria  that 
will  be  directed  to  the  development  of  a  Marx 
compatible  thyratron. 

Introduction 

Merx  generators  have  found  wide  application  as 
a  technique  for  the  production  of  high  voltage,  high 
energy,  feat  rlaatlae  pulses.  The  essence  of  the 
Marx  principle  is  to  charge  a  number  of  capacitive 
storage  elements  in  parallel  and  than,  through  tran¬ 
sient  switching  techniques,  connect  (or  "erect")  the 
elements  in  series ,  thus  producing  an  effective 
multiplication  of  source  voltage. 

Although  the  circuit  was  originally  described 
by  3rwin  Merx1  in  1923,  the  greatest  development  in 
ceres  of  waveform  duration  and  flexibility  has  oc¬ 
curred  within  the  last  one  or  two  decades.  To  this 
time,  virtually  all  circuits  have  bean  limited  to 
single-shot  operation  because  of  the  limitations  of 
spark  gaps,  typically  used  as  the  switching  elements 
in  high  voltage  applications.  Development  of  a  high 
rep-rate  spark  gap  la  a  present  technological 
barrier  problem. 

In  response  to  Che  recognized  need  for  a  Marx 
generator  capable  of  high  rep-rate  operation,  this 
program  was  initiated  to  investigate  end  develop 
appropriate  Marx  circuitry  using  modem  thyretrone 
a*  the  switching  elanante.  Because  of  the  relative¬ 
ly  high  voltage  trigger  requirements  of  spark  gaps, 
Merx  circuitry  developed  for  these  devices  has  con¬ 
centrated  on  achieving  a  balance  between  hold-off 
reliability  and  triggering  schemas  that  produce  an 
orderly  erection  mode,  so  that  predictable  output 
pulses  may  be  realised.  High  rep-rate  capability, 
low  voltage  trigger  requirements,  end  high 


reliability  are  well  known  thyratron  characteristic* 
when  used  in  a  conventional  manner.  However,  it  was 
anticipated  that  particular  problem  areas  would  arise 
with  the  use  of  thyratron*  in  a  Marx  circuit  that 
would  demand  particular  solutions,  oerhaps  different 
than  those  that  are  presented  with  spark  gaps. 

This  paper  describes  the  results  obtained  with  a 
four-stage  Marx  Bank,  using  conventional  8613  chyra¬ 
trons  and  duIm- forming-networks  (PFNs)  as  the  storage 
elements.  The  circuit  was  found  to  produce  efficient 
voltage  multiplication,  delivering  32  kilovolts  (kV) , 

1  microsecond  (us)  pulses  at  rep-rates  up  to  300  hertz 
(Hz),  with  an  8  kV  direct  current  (dc)  supply.  It  was 
found  that  both  external  and  Internal  arcing,  partly 
dua  to  conventional  tuba  construction,  was  the  most 
Important  factor  in  limiting  the  maximum  input  voltage. 
However,  the  circuit  reliably  operated  over  a  relative¬ 
ly  wide  range,  down  to  thyratron  voltage  minimum. 

Based  on  the  experimental  results,  e  circuit  more 
appropriate  for  thyratron  operation  is  presented, 
which  promises  to  eliminate  the  particular  problems 
identified  by  the  Investigation. 

Circuit  Design  Considerations 

A  wide  variety  of  Merx  circuits  exists,  both  in 
research  and  development  and  industrial  application, 
but  analysis  of  oparatlon  and  description  of  them  is 
scant  in  the  open  literature.  R.  A.  fitch2  has 
coon  anted  on  this  situation  and  presented  a  description 
and  brlsf  analysis  of  a  number  of  circuits,  beginning 
with  the  so-called,  "Erwin"  Marx,  to  lnganlous  modi¬ 
fications  dubbed  "Martin”  and  "Maxwell"  Merx  circuits, 
ell  using  either  two-or-threa-electrode  spark  gaps. 
Developmental  modifications  of  tha  original  Marx  cir¬ 
cuit,  the  "Erwin"  Marx,  derives  trigger  voltages  for 
later  stages  by  coupling  back  to  earlier  stages  via 
resistive  or  reactive  elements.  The  "Martin"  Merx 
does  the  same,  but  utilizes  chrse-electrode  spark  gaps 
which  have  lower  trigger  voltage  requirements .  The 
elegant  "Maxwell”  Marx  derives  its  triggering  and 
erection  mods  by  a  simultaneously  erecting  a  smeller 
Marx  control  circuit,  which  ascends  in  parallel  with 
the  major  circuit  that  actually  producas  tha  ensrgetic 
pulas.  All  of  thase  circuits  are  basically  concerned 
with  producing  high  voltage  triggers  for  each  stage, 
increasing  hold-off  reliability  and  operating  range, 
and  ensuring  e  fast  and  orderly  erection  mode  (mini¬ 
mizing  spurious  transients) .  Tha  problem  areas  that 
thesa  circuits  ere  attacking  arias  first  from  inherent 
spark  gap  characteristics,  and  secondly  from  the  dense 
component  packaging  that  tends  to  produce  complex 
interstage  coupling  parasitic  to  the  explicit  circuit. 

Tha  particular  considerations  which  affect  cir¬ 
cuit  desltn  for  spark  gape  are  not  necessarily 
appropriate  for  thyretrone.  First,  thyratron  trigger 
requirements  ere  typically  setlef led  by  low  voltage 
pulses  of  only  a  few  tundrad  volts.  Consequently, 
the  more  sophisticated  schemes  deriving  trigger  volt¬ 
age  by  back-coupling  era  not  necessary.  This  thyra¬ 
tron  characteristic,  alone,  allow*  simpler  circuitry 
and  wide  voltage  range  operation  and  would  be  expected 
to  enhance  reliability,  a  second  major  difference 
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from  spark  gaps  la  the  relatively  loag  twitching  cine 
of  thyratron*  in  rasponaa  to  an  appliad  trlggar. 

Ooca  trlggar  ad ,  a  spark-gap  Marx  circuit  will  erect 
at  a  spaad  datarainad  by  inCarstaga  capacitance3 
(determined  to  a  larga  degree  by  c  cap  cm  ant  configura¬ 
tion  and  arrangement).  Switching  tin*  of  a  apark-gap 
aay  be  only  the  order  of  a  nanosecond  (na) .  In  con¬ 
trast,  switching  tins,  or  anode  delay  tine,  of  thyra- 
trone  depends  primarily  on  Internal  gas  prassura 
(approximately  fixed)  and  conduction  length  of  tha 
tube.  Evan  with  high  anode  potential  and  faat-rlaa 
grid  trigger  pulses,  Ionisation  of  tha  total  conduc¬ 
tion  length  and  production  of  a  low  Impedance  plasma 
Involves  processes  that  typically  have  100-200  na 
duration,  thus,  tha  traction  of  a  thyratron  Marx  cir¬ 
cuit  can  be  expected  to  proceed  relatively  alowly  and 
be  limited  by  tha  switching  tlma  par  stage. 

Tha  practical  circuit  adopted  for  this  Investi¬ 
gation  la  shown  in  Figure  1.  Only  tha  lowest  stags 
la  triggered  by  a  conventional  trlggar  generator. 

Tha  erection  mode  can  be  explained  In  a  manner  aimilar 
to  tha  triggering  of  atxiea-connacted  thyratrona  In 
conventional  circuits.  When  the  first  stags  la 
triggered  for  example,  the  first  PFN  attempts  to  dis¬ 
charge  through  tha  choke  L,  dropping  tha  second  tuba 
cathode  to  negative  anode  potential,  affectively 
doubling  tha  anode  to  cathode  voltage.  However,  due 
to  tha  capacitive  voltage  divides  formed,  In  each 
tuba,  by  tha  anode-grid  sod  grid -cathode  internal 
capacitance,  the  grid  becomes  positive  with  raapact  to 
cathode  and  triggers  tha  tuba.  Tha  grid  resistor  for 
each  tuba  provides  a  path  for  deionisation  and 
recovery  between  pulses.  (It  wee  found  that  ice 
value  Is  not  critical  beyond  approximately  25  kilohee, 
but  it  forma  a  secondary  purpose  of  limiting  grid 
current  and  thus  should  not  be  very  email  In  value) . 

Tha  Inductors .  L,  were  chosen  as  Interstage 
decoupling  elements.  Instead  of  reslatora.  In  Che 
Interests  of  circuit  efficiency  and  ease  of  fabrica¬ 
tion.  In  their  design,  it  Is  aoceeeary  that  thair 
value  be  such  that  tha  oscillation  period  of  each 
Inductor  and  tha  capacitance  of  Its  associated  PFN  la 
such  longer  than  tha  total  erection  and  pulse  dis¬ 
charge  time.  This  automatically  an suras  email 
circulation  currants  and  power  lose  during  tha  cotal 
erection  time.4 

Tha  anode  voltage,  Epy .  Is  approximately  twice 
the  dc  supply  voltage,  Ey,  end  la  derived  from  tha 
resonant  charging  circuit.  This  supply  voltage  In¬ 
crease  offaete  tha  voltage  decrease  obtained  In  using 
FF*'e  as  storage  elements'  (peek  discharge  voltage 
for  an  impedance-matched  PFN  la  the  network  voltage, 

*-  “  Epy/2) .  PTE's  ware  used  Instead  of  capacitors 
to  allsviata  analysis  of  waveforms  end  potential 
problmaa  with  load  mismatch,  in  this  regard,  note 
that  the  series-connected  TTE's  are  almply  matched  by 
providing  a  load  resistance,  R, ,  equal  In  value  to 
tha  sum  of  PTE  impedances  in  the  circuit.  In  actual 
practice,  a  alight  nagatlva  mismatch  la  used  to  aid 
tube  recovery  -  standard  practice  for  line-type 
thyratron  pulsars.  Ac  inter eating  alternative  to  the 
erection  of  PTE  elements  la  to  aract  capacitors  as 
paxt  of  a  tingle  PTE  configuration.' 

Returning  to  Figure  1,  the  Iterative  structure 
of  the  circuit  may  be  easily  discerned,  tech  stage 
cons lata  of  a  thyratron,  a  TFE,  and  two  chokes .  Tha 
chokes  serve  se  both  a  reactive  load  during  the  cir¬ 
cuit  erection  (as  described  before)  and  Isolation 
after  erection  wham  tha  pulse  la  being  delivered 
te  the  load. 


Experimental  Results 

Figure  2  shows  a  photograph  of  the  actual  experi¬ 
mental  circuit.  The  PFN' a  In  the  background  each  con¬ 
sist  of  five  0.0025  microfarads  (yF)  pulse  capacitors 
with  external  inductors  to  form  an  E*  configuration, 
giving  1  us  pulses,  with  50  ohm  characteristic  Imped¬ 
ance.  Tha  Isolating  chokes  were  wound  on  linear 
farrlta  cores,  giving  1.6  millihenry  (mH)  Inductance. 
The  low  capacitance  filament  chokes  seen  In  the  fore¬ 
ground  were  necessary  to  Isolate  tha  thyratron  cath¬ 
odes  during  operation  (conventional  transformer  pri¬ 
mary  to  secondary  capacitance  would  shunt  the  signal 
to  ground) .  An  appropriate  resistive  load  (seen  at 
the  right  In  the  photograph)  wee  constructed  with  low- 
inductance,  tubular,  carborundum  resistor*. 

The  circuit  aa  constructed,  and  a*  shown  In  Fig¬ 
ure  1,  deliver a  negative  pulses  to  the  load.  Figure  3 
show*  a  typical  current  pulse  obtained  with  the  circuit 
operating  at  repetition  rates  up  to  500  Hz,  and  8  kV 
dc  supply  voltage.  The  four-stags  circuit  produced 
efficient  voltage  multiplication,  evidenced  by  Che  1 
us  PFN  output  pulse,  corresponding  to  32  kV  peak  load 
voltage  Hide  voltage  flexibility  was  easily  obtained, 
with  reliable  erection  occurring  for  supply  voltages 
greater  than  only  a  faw  hundred  volts. 

Although  the  circuit  operated  satisfactorily  at 
low  voltages,  problmaa  with  external  and  Internal 
arcing  ware  frequently  experienced  with  Ebb  approxi¬ 
mately  8  kV  and  limited  maximum  anode  voltage  to  Epy 
approximately  16  kV.  Arcing  occurred  between  grid  and 
cathode  socket  pins  and  connections ,  and  also  between 
electrode  leads  Internal  to  tha  tubas.  Problems  were 
also  expar lanced  with  arcing  between  secondary  and 
primary  windings  of  tha  filament  transformers  of  the 
elevated  stages.  These  external  and  Internal  break¬ 
downs  generally  caused  one  or  more  of  tha  tubes  to  go 
Into  constant  conduction,  halting  operation.  A  radio¬ 
logical  survey  conducted  during  circuit  operation 
determined  that  1-ray  emission  wee  detectable  espe¬ 
cially  from  the  last  tube,  for  voltages  of  Spy  approxi¬ 
mately  12  W.  At  certain  times,  however.  X-ray  emis¬ 
sion  was  detected,  swan  from  the  first  tube,  for  lower 
anode  voltage  This  spurious  operation  causing  abnor¬ 
mal  X-rey  anise  Ion  was  symptom  lx ad  by  audible  micro- 
phonies,  noisy  output  pulses  and  strong  electro-magnat- 
lo  interference.  Effective  X-ray  protection  was 
obtained  by  simply  placing  a  tubular  land  shield 
around  each  tuba,  particularly  shielding  tha  grid- 
anode  specs. 

Tha  cause  for  spurious  arcing  at  higher  voltages 
can  be  traced  to  the  progressively  Increasing  enoda-to- 
cethoda  and  grld-to-cathode  potentials  that  ere  momen¬ 
tarily  experienced  by  each  tuba  aa  the  erection  phase 
proceeds .  When  the  (n-l)th  tub*  fixe*  and  conduct*, 
the  nth  tub*  will  have  an  anode  voltage  of  +*py  and  a 
transient  negative  eathod*  voltage  of  (n-l)Epy,  corre¬ 
sponding  to  t  net  anode-cathode  potential  of  nlpy .  it 
la  easily  seen  that  this  net  transient  voltage  can  sub¬ 
stantially  exceed  tha  20  kV  dc  hold-off  rating  of  the 
8613  thyratron  la  only  a  fow  stages,  with  only  nod  ur¬ 
ate  values  of  supply  voltage.  This  transient  over¬ 
voltage  persists  across  each  successive  stag*  until 
it  attain*  a  low  impedance  state. 

Heaauraments  t bowed  that  tha  total  anode  daisy 
from  stag*  to  stage  was  almost  constant  at  80  -  100  na, 
over  a  wide  range  of  Spy.  The  erection  speed  la  obvi¬ 
ously  limited  by  tha  Ionisation  tiaa  of  each  thyratron. 
It  la  believed  that  the  X-ray  amission  observed  la 
gsneratad  during  this  parted  before  the  thyretrone 
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achieved  *  lwlipaduci  state.  Du*  to  th*  high  cur¬ 
rant  demand*  of  th*  transient  overvoltages,  high-lm- 
p«d*nc*  discharge  aay  occur  b*tw**n  th*  thyratron 
elements ,  causing  both  X-ray  amission  and  tha  sympto¬ 
matic,  audible  alcrophonlcs,  Sustainad  operation 
would  certainly  causa  cathode  destruction,  deposition 
of  (cathode)  low  work-function  material  on  th*  grid, 
and  subsequent  grid  emission. 

Conclusions 

(a)  Within  tha  limits  discovered  by  tha  axparx- 
mantatlon,  a  thyratron  Marx  circuit  has  bean  shown  to 
ban  an  officiant  naans  for  production  of  high  voltage 
pulses  at  high  repetition  rates. 


3.  Op.  Cit.  #1. 

4.  M.l.T.  Radiation  Laboratory  Sari**,  Puls*  Genera¬ 
tors,  Vol.  5,  (McGraw-Hill ,  sect.  11.8),  19*8. 

5.  D.  ».  Cummings,  "Conversion  of  a  Marx  Generator  to 
a  Typo- A  Puls*  Forming  network,11  IKE  Conference 
Record  of  th*  Twelfth  Modulator  Symposium, 

New  fork  City,  Fab  4-5,  1976. 

6.  Op.  Clt.  #5. 


Unlike  spark-gap  circuits,  repetition  rat*  la  not 
tha  factor  limiting  performance  with  thyratron*.  It 
la.  Instead,  tha  spurious  arcing  produced  by  th* 
inherent,  transient  overvoltages  during  th*  period 
that  each  successive  thyratron  requires  to  reach  a 
lov-impadanc*  state.  Thus,  the  progressively  In¬ 
creasing  overvoltage,  beneficial  for  a  spark-gap 
switched  Marx  ganarator,  la  counttrproductlva  when 
thyratron*  era  uaad. 

(b)  Cognisant  of  thas*  problems  and  their  cause 
(1.*.,  progressively  Increasing  overvoltages),  a  modi¬ 
fied  form  of  the  circuit  was  devised  which  promisee 
to  eliminate  them  and  be  more  appropriate  for  thyra¬ 
tron  use. 

Figure  4  shows  the  circuit  (omitting  trigger  and 
eupply  circuitry)  .  Comparison  with  Figure  1  shows 
that  tha  major  modification  la  the  positional  Inter¬ 
change  of  the  thyratrona  and  PFN'a.  It  la  seen  that 
this  circuit  configuration  will  produce  a  positive, 
rather  than  negative  puls*  output.  But  more  important¬ 
ly  for  thyratron  purposes,  no  progressive  overvoltage 
occurs  at  each  stage  during  tha  erection  phase.  After 
the  previous  tube  has  fired,  tha  nth  tuba  sees  positive 
voltages  on  both  its  cathode  and  anode.  The  cathode 
voltage  becomes  (n-l)Epy  and  the  anode  voltage  nEpy, 
for  a  net  anode-to-cathod*  potential  of  only  Epy  for 
any  tuba  Is  tha  string.  This  would  be  a  poor  circuit 
for  apark-gap  switches,  where  overvoltage  is  necessary, 
but  should  be  most  appropriate  for  thyratron*  where 
overvoltage*  produce  serious  problems  and  limitation*. 

c.  Future  work  In  this  program,  considering  th* 
point*  In  (a)  and  (b),  should  proceed  with  modern, 
developmental,  low- Inductance  thyratrona  to  shorten 
anode-fall  times,  or  perhaps  discharge  hasted  thyra¬ 
tron*  to  eliminate  filament  supplies  (especially  If 
ambient-temperature,  parasitic  reservoirs  reach  mature 
development) .  Tha  modified  circuit  in  (b)  should 
eliminate  overvoltage  problems  with  th*  thyratrona  and 
would  only  require  development  of  an  appropriate  trig¬ 
gering  scheme.  It  la  not  anticipated  that  thla  point 
will  praaant  any  difficult  problem,  since  thyratron 
trigger  requirements  are  relatively  easily  satisfied. 

In  fact.  Initial  experiments  with  the  (b)  circuit  ware 
successfully  carried  out  at  low  voltages  and  triggers 
for  each  stage  were  simply  derived  from  *  smell  second¬ 
ary  winding  around  tha  cathode  choke  of  tha  previous 
stage. 
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Figure  1*.  Practical  thyratron  Marx  circuit.  Type 

8613  thyratron*  uaad,  R,  *  load  resistance, 
L  “  isolating  choke*. 

Figure  lb.  Effective  pulse  circuit  and  polarities 

after  erection  phase  has  been  completed. 


Figure  2.  Experimental  Marx-Rank  setup.  First 
stage,  triggered  at  left,  proceeds  to 
last  stags  fsedlng  load  reslscors  at 
right. 


Typical  output  current  pulses.  Hatching  Figure  4a.  Modified  thyratron  Marx  circuit, 

load  resistance  equals  the  sun  of 

characteristic  PFt)  lapedences.  Figure  4b.  Erected  state  with  positive  output 

polarity. 


DEVELOPMENT  OF  A  50  Hz,  250  kV,  500  na,  500  KW  AVERAGE  POWER  Pl/LSER* 
Malcolm  T.  But cram 

Sandla  National  Laboratoriaa,  Albuquerque,  N aw  Mexico  87185 


Summary 

This  paper  describes  the  developaant  at  a  50  Hz 
research  pulaer  with  per  shot  specifications  of 
250  kV,  500  na  FWHM,  10  kJ.  It  la  dealgned  for  burat 
mode  service.  The  pulaer  la  a  two  elaaant  Guillenln 
Type  C  pul aa  forming  network  with  two  parallel  Marx 
generatora  tarring  aa  the  flrat  elaaant  and  a  alngle 
Marx  generator  tarring  aa  the  aecond  aleaent.  Thit 
paper  will  conaider  the  two  Marx  generatora  of  tha 
flrat  aleaent  only  and  will  outline  the  iaportant 
ongoing  developmental  araas. 


A  PFN  followed  by  a  step  up  tranaforaar  la  not 
attractive  for  this  regime.  The  load  lapedance  per 
module  la  6.25  ft.  Assuming  the  PFN  la  charged  to  a 
reasonable  voltage  of  100  kV,  the  transformer  voltage 
gain  la  5  and  the  PFN  impedance  la  0.25  ft.  For  a 
reasonable  output  pulse  (rise  and  fall  tinea  100  na) 
the  transformer  coupling  constant  would  have  to  exceed 
0.97.  The  50  kV  transformer  primary  switch  would 
operate  at  50  Hz,  200  kA  and  have  an  Inductance  less 
than  50  nH.  Four  twitches  to  be  operated  In  parallel 
could  be  designed  for  this  latter  function;  however, 
the  coupling  requirement  is  a  formidable  constraint. 


Each  generator  has  a  500  kV  output  voltage  and 
stores  5  kJ.  Two  units  in  parallel  are  required  to 
achieve  the  low  Inductance  for  a  10  kJ,  500  na  output 
pulse.  Each  Marx  generator  has  8  capacitor  atagaa  and 
four  spark  gap  switches.  The  switches  are  cylindrical 
sulfur  hexafluoride  Insulated  trlgatrons  with  vortex 
purge  gas  flow.  Initial  observations  are  that  very 
little  gas  flow  is  required  for  50  Hi  operstlon  at 
50  kV  across  the  switch  and  20  kA  peak  currant  In  a 
50  shot  burst. 

The  first  switch  of  one  Marx  generator  Is  trig¬ 
gered.  The  first  switch  of  the  second  Marx  la  trig¬ 
gered  by  the  breakdown  of  the  first  switch  of  Che 
flrsc  Marx.  The  trigger  pins  in  the  second  gaps  are 
capacltively  coupled  to  ground.  Tha  trigger  pins  of 
final  gaps  are  capacltively  coupled  to  earlier  stages. 
For  a  single  generator  the  delay  from  triggering  of  the 
first  gap  to  full  Marx  generator  erection  la  100  to 
150  ns.  Parallel  operation  of  tha  two  Marx  generators 
is  achieved  for  at  least  85  percent  of  all  shots.  To 
.acreage  this  to  100  percent  may  require  a  better 
triggering  system.  Present  limitations  on  the  opera¬ 
tion  of  tha  device  come  from  solid  dielectric  failure 
and  variation  of  spark  gap  self  breakdown  thresholds. 


The  final  option  considered  Is  a  250  kV  PFN  con¬ 
structed  from  500  kV  Marx  generators.  This  Is  most 
easily  done  in  the  Gulllemln  Type  C  configuration  of 
Fig.  la  which  of  all  the  Cullemln  networks  has  the 
lowest  inductance,  a  pivotal  consideration  in  the 
design  of  a  pulse  length  (inductance)  limited  device. 
Contrast,  for  example,  the  Type  A  configuration  of 
Fig.  lb  which  has  often  been  used  to  producg  micro¬ 
second  pulses  at  several  hundred  kllovolr  ■*»*  In 
the  Type  A  the  flrat  stage  (L^,  Cj)  Is  ‘ 
generator,  the  subsequent  stages,  which  Initially 
uncharged  In  this  modification  of  the  o  lal 
Gulllemln  design,  are  used  to  shape  the  dlacharge. 

As  Indicated  by  Table  I  the  Inductance  <  ns  first 
stage  Marx  generator  la  244  nH  which  la  mely 

small  for  a  500  kV  device.  The  first  s  fa  Type 

C  PFN  Is  791  nH.  Furthermore,  the  indu  f  later 

stages  Increases  for  the  Type  C  circuit  ‘  .t 
decreases  in  the  Type  A. 


TABLE  I 

Parameters  of  the  First  Three  Stages  of 
Gulllemln  Networks  for  500  ns,  6.25  ft  Output 


Introduction 

This  paper  deecrlbes  the  design  and  development  to 
date  of  a  250  kV,  500  ns,  50  Hz  burst  mode  pulser. 

Tha  device  is  a  prototype  of  a  larger  system  to  be  con¬ 
structed  from  the  modules  developed  In  the  prototype 
program.  Each  module  la  a  500  kV,  5  kJ  Marx  generator 
with  sufficiently  low  inductance  for  500  ns  output. 
Several  of  these  Marx  generators  operated  in  parallel 
would  form  the  first  stage  of  a  Gulllemln  Type  Cl  pulse 
forming  network  (FFN).  Subsequent  stages  would  also 
be  500  kV  Marx  generators  but  with  substantially 
lower  stored  energy.  The  prototype  consists  of  two  of 
the  500  kV,  5  kJ  Marx  generators. 

The  choice  of  such  a  system  was  dictated  largely 
by  the  need  to  produce  a  500  ns  pulse  with  devices  of 
minimal  complexity  which  could  be  operated  In  parallel 
for  higher  energy  per  pulse.  A  500  ns  pulse  length  Is 
rather  short  for  s  FFN  and  rather  long  for  a  distri¬ 
buted  pulse  forming  line  (FFL)..  For  example  a  water 
PFL  for  this  application  would  be  8.3  meters  long.  . 
Long  (>  1  ft s)  water  lines  produce  acceptable  pulses*; 
however,  they  are  bulky  and  they  require  a  difficult 
output  swiech  development  program.  Both  the  bulk  and 
switch  problems  can  be  avoided  by  going  to  a  FFN. 


•This  work  was  supported  by  the  U.S.  Dept,  of  Energy, 
under  Contract  D8-AC04-76-DF00789. 


Type  C 

Type  A 

791  nH 

244  nH 

32  nF 

37  nF 

844  nH 

279  nH 

3  nF 

19  nF 

1147  nH 

63  nH 

1  nF 

21  nF 

Design 

A  Marx  module  Is  shown  schematically  in  Fig.  2. 
Eight  0.3  fit  capacitors,  each  charged  to  62.5  kV  for 
500  kV  operation,  are  arranged  In  two  opposed  rows  of 
four  each.  The  space  between  the  rows  Is  approximately 
4  cm  which  Is  also  the  spacing  between  the  high  voltage 
and  ground  connections  of  the  generator.  This  arrange¬ 
ment  minimizes  the  generator  Inductance  by  allowing 
the  Marx  currant  to  pass  over  the  top  of  the  capacitors 
at  aa  doss  a  spacing  as  is  consistent  with  high  volt¬ 
age  Insulation  (in  transformer  oil)  requirements. 

Figure  3  Illustrates  the  Importance  of  properly  posi¬ 
tioning  this  current  path.  Figure  3a  shows  the  current 
waveform  when  s  single  capacitor  Is  shorted  with  a 
10  cm  wide  strap  across  the  top,  l.e.,  via  the  shortest 
path  between  Its  tabs.  (The  'top'  of  the  capacitor  is 
by  definition  tha  and  close  to  the  tabs,  the  abutted 
ends  In  the  Fig.  2.)  The  resistance  and  inductance 
calculated  for  this  waveform  are  given  In  Table  II 
together  with  values  from  Fig.  3b  and  3c  which  are  for 
short  circuits  where  the  strap  runs  along  tha  side  and 
bottom  of  the  capacitor  respectively.  For  a  Gulllemln 
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Fig.  1.  Gulllemln  networks 

a.  Type  C. 

b.  Type  A. 


Fig.  3.  Short  circuit  ringing  current  waveform*  f roe 
e  single  eapcltor  charged  to  1  kV. 

a.  Top  strep. 

b.  Side  strap. 

c.  Sot toe  strap. 

(200  fit/ dlv,  1  kA/dis) 


TABLE  II 

Inductance  and  Resistance  (or  a  Single  Marx 
Capacitor  (C  «  0. 3  fit,  L  *  25  nH  noainal) 
(or  Varloua  Shorting  Strap  Locatlona 


Strap  Location 

Top 

Side 

Bottom 


66  nil 
162  nH 
253  nH 


0.25  n 
0.32  n 
o.s  n 


The  total  Inductance  o(  the  generator,  exclusive 
o(  load  connect lone  la  nade  o(  the  (our  pert*  liated 
In  Table  III.  The  central  tranaaiealon  line  (area 
between  the  rowa)  and  the  tab-to-ewiteh  connectlona 
are  eodaled  aa  parallel  plate  trananlaalon  llnea 
61  ci  i  3.8  ci  x  20  ci  wide  and  36  ca  x  10  ci  x  1.3  ci 
wide  respectively.  The  ewlteh  la  modeled  aa  eoneentrlc 
cylinder!  plua  the  aperk  Inductance. 3  The  capacitor 
Inductance  la  (roe  Table  11.  row  1.  The  computed 
Inductance  la  208  nH  and  the  Manured  Inductance  la 
230  nH  which  la  compatible  with  the  Culllealn  Type  C 
requirement  o (  Table  1. 


Type  C  PFH,  the  output  pulae  duration  la  hal(  the 
ringing  period  o(  the  drat  alaaent.  If  half  the 
ringing  period  of  e  tingle  capacitor  exceed!  500  na. 
the  total  Marx  generator  half  period  will  exceed 
500  na.  Therefore  the  configuration  of  Fig.  3a,  which 
la  the  only  one  with  a  half  period  lean  than  500  aa, 
la  the  only  acceptable  configuration.  Figure  3c 
corraaponda  to  a  Marx  configuration  In  which  the 
capacitor  bottoms  are  abutted.  Thli  arrangement  while 
geometrically  aore  convenient  from  tha  point  of  view 
of  switch  attachment  la  unuaable  be cause  of  lta  added 
Inductance.  Note  that  the  capacitor  haa  an  lntarnal 
resistance  In  tha  range  of  0.3  12.  Tha  series  combina¬ 
tion  of  eight  capacltora  has  a  aeaaurad  resistance  of 
2  to  2.5  12  which  causes  a  significant  loss  whan  the 
load  la  6.25  12. 

The  switches  In  this  geoMtry  are  mounted  approxi¬ 
mately  36  ca  from  tha  capacitor  tabs  aa  shown  in 
Fig.  2.  The  transmission  line  between  tha  tabs  and 
switch  Is  1.3  cm  thick  and  10  cm  wide.  Tha  thickness 
may  have  to  be  Increased  aa  trill  be  discussed  below. 

A  switch  Is  shown  dlagraMtleally  in  Fig.  4.  All  four 
switches  are  trlgatrons  with  rather  large  area  trigger 
electrodes.  A  re-entrant  geometry  (cylindrical  elec¬ 
trode  coaxial  with  cylindrical  housing)  was  chosen  to 
permit  an  enhanced  length  of  flaahover  surface  to  be 
Inserted  as  Illustrated  by  the  dashed  llnea  In  Che 
figure.  In  practice  this  was  found  unnecessary  to 
+  75  kV  charge  and  lip  on  the  lnaulator  Is  provided 
for  mechanlal  positioning  only. 

-H  I— 1  cm 

EXHAUST 


Fig.  A,  Schematic  cross-section  of  a  Marx  switch. 


TABLE  III 

Calculated  Inductance  for  Various  Marx  Cenarator  Farts 


Inductance  Total  Addition 


Source 

per  EleMnt 

to  Marx  Inductance 

Central  transmis¬ 

144  nH 

144  nH 

sion  line 

Tab-to- switch 

56 

224 

connection 

Switch 

19 

76 

Capacitors 

66 

264 

Total 

Switches 

A  switch  is 

shown  In  Fig.  4. 

It  la 

a  cylindrical 

unit  with  7  cm  ID 

and  3.8  cm  electrodes. 

Sulfur  beze¬ 

fluoride  Insulation  Is  used.  The 

switch 

ls  purged  by 

Injecting  gas  with  a  rotary  motion  aa  shown  In  the 
figure  and  exhausting  through  the  center  of  the  trigger 
pin  and  tha  opposite  electrode.  The  trigger  pin  is 
epoxyed  Into  an  acrylic  sleeve  which  Is  held  within  one 
of  the  electrodes  by  an  "O'-ring  clamp.  The  two  halves 
of  the  switch  and  the  Insulator  are  held  together  by 
an  external  clamp  not  shown  In  the  figure.  Tha 
necessity  to  align  and  seal  the  switch  without  the 
benefit  of  bolts  through  the  Insulator  (which  are  prone 
to  surface  flashover)  led  to  tha  decision  to  use  a 
trlgatron  rather  than  a  mid-plane  spark  gap.  In  retro¬ 
spect,  a  three  eleMnt  gap  could  have  been  fabricated 
by  encapsulating  the  gap  In  epoxy  (exclusive  of  holes 
for  electrode  removal).  The  encapsulanc  would  serve 
aa  a  pressure  seal.  The  spark  gaps  My  be  reconfigured 
to  a  mid  plane  of  this  type  in  the  future.  As  built, 
tha  spark  gaps  My  be  operated  safaly  to  100  pslg  with 
a  typical  working  pressure  being  lass  than  20  pslg. 

The  spark  gaps  are  weakly  purged.  Extensive 
studies  of  the  free  (unpurged)  recovery  of  spark  gaps 
in  air  and  SFg  Indicate  that  at  least  80  percent  of  the 
dielectric  strength  is  recovered  within  20  m”’^  even 
for  substantial  discharge  currents  and  long  pulse 
durations  (>  200  kA,  >  1  flu).  Experiments  with  the 
RTF-I  pulsar8  demonstrate  that  20  kA  discharges  will 
quench  at  a  40  Hz  repetition  rate  with  no  spark  gap 
purging.  This  process  can  not  continue  Indefinitely 
as  the  gap  requires  sons  cooling  and  wtch  no  gas  flow 
will  ultlMtely  becoM  hot  enough  to  Mlt  Its  insula¬ 
tion.  Initial  experlMnts  Indicate  that  for  +  30  kV, 

20  kA  operation  the  present  gaps  will  quench  for  a 
50  shot  burst  at  50  Hz  with  negligible  gas  flow 
(less  than  3  SCFM  per  switch).  There  is  som  concern 
whether  this  Is  still  true  st  +  62.5  kV,  40  kA.  The 
situation  Is  confused  soMwhat  by  the  failure  of  the 
spark  gaps  to  maintain  a  trail  defined  self-break 
threshold  even  under  single  shot  conditions.  Figure  5 
shows  the  cusatlatlve  probability  of  breakdown  as  a 
function  of  voltage  below  the  MXlmum  observed  break¬ 
down  voltage  VMX  for  a  single  switch  In  a  single 
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SS  (NO  RESTORES) 


VOLTAGE  BELOW  VMAX 
(K  V) 


Fig.  S.  Cumlatlve  probability  of  breakdown  for  varloua 
elactroda  aatarlala  aa  a  function  of  voltage 
balov  peak  breakdown  voltage  (VM1). 


ahot  node.  V  la  In  the  range  50  to  60  kV.  Typical 
data  (ample*  of  40  to  60  ehota  ahow  a  measurable  break¬ 
down  probability  to  16  kV  below  (almost  70  percent 

of  aelf-break)  for  copper  and  braaa  electrodee.  For  a 
ayataa  with  8  apark  gaps,  a  5  percent  chance  of  one  gap 
falling  tranalataa  to  a  34  percent  chance  of  a  prefire 
on  a  given  ahot.  This  haa  been  docutaanted  and  attri¬ 
buted  to  changes  in  the  electrode  aurface  for  dls- 
chargea.ln  air  ualng  copper  and  atalnleae  ateel  elec¬ 
trode*.  * *  In  the  data  of  Ref.  9  the  breakdown  apread 
la  somewhat  leaa  for  atalnleea  ateel  than  for  copper 
and  the  aaae  la  true  for  the  data  of  Fig.  5.  (The 
atalnlaaa  ateel  no-reetrlkea  curve  appllea. )  The 
altuatlon  la  complicated  by  aging  effect*  aa  Indicated 
by  the  atalnleaa  ateel-wtch  reatrlkea  curve.  In  the  no 
reetrlke  caae  each  breakdown  was  a  tingle  ahot.  In  the 
reatrlke  case  each  breakdown  led  to  multiple  area  and 
sore  tevere  aurface  damage.  In  the  latter  caae  the 
cumulative  breakdown  proablltty  with  atalnleaa  ateel 
le  alallar  to  the  copper  data  (without  reatrlkea).  6 
study  of  this  proceaa  la  In  progress. 

Assembly 

The  entire  prototype  assembly  is  contained  In  a 
1.2  x  1.2  x  0.9  ar  tank  of  transformer  oil  together 
with  trigger,  trigger  power  supply,  and  monitors.  The 
generators  are  mounted  so  that  the  plane  of  Fig,  2  la 
the  horizontal,  with  one  generator  atop  tha  other, 
separated  by  3  cm  of  ecryllc  Insulation.  The  trigger 
la  a  small  air  core  transformer  with  a  typical  output 
of  100  kV.  Tha  triggered  electrode  la  positive  and 
tha  crlgatroe  gap  braaka  down  on  the  positive  awing  of 
tha  trigger  pulse.  The  Marx  generators  are  charged 
raalstlvaly  through  two  4  to  10  Kfl  flowing  water  resis¬ 
tors  from  *  +  SO  kV,  2  MU  power  supply. 

Operation  -  One  Marx  Generator 

A  achmatlc  for  one  Marx  generator  Including  a 
typical  trigger  connection  schema  la  shown  la  rig.  6. 
The  first  gap  Is  triggered,  the  trigger  electrode  of 
the  second  la  capecltlvely  coupled  to  ground,  and  tha 
trigger*  of  the  remaining  switches  are  eepacltlvely 
coupled  to  earlier  stages.  Stacks  of  barium  cltanate 


Fig.  6.  Schematic  of  one  Marx  generator  showing 
trigger  coupling. 


capacitors  are  used  for  these  coupling*.  The  apark 
gaps,  particularly  eh*  second,  do  not  trigger  as 
reliably  if  realstors  ar*  substituted  for  these 
coupling  capacitors.  Ulth  this  configuration  when  the 
first  gap  fires  the  entire  Marx  generator  erects  with 
>  93  percent  probability.  For  0.64  cm  spacing  the 
first  gap  trigger*  rallably  eo  at  least  70  percent  of 
self-break  with  the  triggering  electrode  flush  with 
surrounding  electrode.  For  larger  gap  spacing*  tha 
trigger  must  be  Inserted  Into  the  gap,  tha  greater  the 
Insertion  the  greater  the  triggering  range.  Typically 
for  a  1  cm  gap  an  Insertion  of  1.5  aa  la  appropriate 
and  the  gap  will  trigger  from  +  40  kV  charge  voltage 
upward.  The  triggering  rang*  'extend*  below  60  percent 
of  self-breakdown  from  30  kV  upward.  Total  delay 
Increases  with  decreasing  percent  of  self-break  but  la 
generally'  In  the  rang*  of  100*200  ns.  For  operation 
below  +  30  kV  charge,  the  Marx  operates  to  30  Ha  In  a 
1  second  burst  without  problem*.  Above  30  kV  stable 
operation  has  been  achieved  to  10  Ha  but  Is  United  by 
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che  1X1  defined  *«lf-bre»lt  threshold  previously  dis¬ 
cussed  sad  by  occsslonsl  failure  of  the  solid  Insula¬ 
tion.  This  lattsr  failure  occurs  Invariably  In  gap  3. 
The  spark  gap  firing  sequence  Is  1,  2,  4,  3  so  that 
gap  3  briefly  supports  sods  fraction  of  the  total 
generator  voltage  (certainly  nore  than  twice  the  charge 
voltage).  When  spark  gap  3  fires  a  200  MHz  standing 
wave  pattern  with  a  node  at  the  switch  and  a  aaxlaua 
at  the  tab  end  la  secup  In  the  transnlsslon  line 
leading  to  the  capacitor  tabs.  This  breaks  the  Insula¬ 
tion  at  the  open  end  of  the  line.  The  failure  Is 
probably  due  to  emulative  damage  as  several  hundred 
or  thousand  shots  ate  typically  required  to  get  a 
failure.  An  atteapt  Is  underway  to  decrease  the  over 
voicing  of  gap  3. by  decreasing  Marx  erection  tlae. 

That  falling  the  insulation  thickness  oust  be  Increased 
with  a  corresponding  Increase  in  Inductance. 

Operation  -  Two  Marx  Generators 

Parallel  operation  of  two  generators  has  been 
achieved  with  capacitive  coupling  between  corresponding 
trigger  electrodes  of  Che  two  generators.  Thus  as  the 
triggered  generator  erects.  It  triggers  the  spark  gaps 
of  the  second  Marx  generator.  This  coupling  scheme  is 
Illustrated  In  Pig.  7.  The  left  generator  Is  trlggsred 
as  Indicated  by  the  trigger  generator  shown  In  the 
figure.  The  coupling  of  the  resaining  trigger  elec¬ 
trodes  of  the  left  Marx  generator  Is  as  In  Fig.  6.  The 
trigger  electrodes  of  che  right  gensrator  are  coupled 
to  the  corresponding  sain  (not  trigger)  electrodes  of 
the  left  Marx  through  barlua  cltanate  capacitor 
strings.  With  this  scheaa  the  trigger  electrodes  of 
the  right  Marx  generator  fire  when  Che  left  Marx 
erects.  This  does  not  automatically  cause  the  right 
Marx  generator  to  erect.1-'1'  If,  for  exaaple,  all  the 
gaps  of  the  left  Marx  have  closed  but  none  have  closed 
in  the  right  generator  then  the  left  generator  will 
raise  che  output  end  of  the  right  generator  to  500  kV. 
It  does  so  by  providing  current  to  charge  the  capaci¬ 
tance  of  che  right  generator  spark  gaps  to  a  value 
such  that  the  sun  of  the  capacitor  and  spark  gap  volt¬ 
ages  Is  500  kV.  Obviously  this  leaves  che  sperk  gaps 
with  no  voltage  so  that  the  right  generator  appears  to 
have  erected  even  though  the  spark  gaps  have  not 
closed.  The  tine  to  charge  the  right  Marx  as  governed 
by  the  inductance  of  the  generators  (2  x  700  nH)  and 
che  spark  gap  capacitances  (100  pF/8)  Is  13  ns.  This 
process  will  almost  certainly  Interfere  with  erection 
of  the  right  Marx  generator  Independent  of  the  number 
of  Its  gaps  which  nay  have  broken  down  prior  Co  com¬ 
plete  erection  of  the  left  generator.  In  the  present 
system  this  problem  Is  avoided  because  che  first  Marx 
generator  to  erect  Is  substantially  loaded  down  by  the 
load  resistance.  It  charges  the  second  Marx  to  perhaps 
250  kV.  If  two  spark  gaps  of  the  second  Marx  have 
closed  the  remaining  gaps  have  sufficient  voltage  to 
close.  Figure  8a  shows  typical  output  waveforms  from 
two  Marx  generators  Into  an  overmatched  load.  The 
voltage  (upper  trace)  Is  420  kV.  The  current  (lower 
trace)  of  24  kA  Is  from  the  lower  generator  only. 

Total  current  Is  48  kA.  load  Impedance  Is  8.8  It. 

Figure  8b  shows  a  misfire  la  which  the  triggered 
generator  erects,  deposits  its  energy  Into  the  load  and 
the  second  generator  erects  afterward.  The  probability 
of  such  a  misfire  Increases  as  the  spark  gaps  are 
operated  farther  from  self-brsak  with  a  consequently 
longer  erection  delay.  In  a  typical  10  kJ  operating 
regime  the  misfire  probability  Is  less  than  IS  percent; 
reducing  this  to  1  percant  level  may  require  an 
Improved  trigger  system. 


Fig.  7.  Schematic  of  two  parallel  Marx  generators 

Illustrating  the  cross-coupling  scheme  used 
for  triggering. 
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Wavaforna  froa  two  Marx  ganarators  Into  a 
resistive  water  load.  Upper  trace,  voltage 
(6*  kV/dlv),  lower  trace  currant  froa  the 
untrlggarad  generator  (20  kA/dlv). 

a.  Proper  operation. 

b.  Misfire. 


Conclusions 

Data  deaoustrate  that  the  Marx  generator  based 
Cullealn  Type  C  PPN  described  In  this  papar  is  capable 
of  delivering  10  kJ  of  pulsed  energy  to  a  load  In 
In  500  ns  at  250  kV.  The  desired  repetition  frequency 
can  be  achieved  at  half  voltage  but  substantial  work 
raaalns  to  be  dona  to  achieve  full  repetition  rata  at 
full  voltage.  Froblaas  encountered  Include  the  failure 
of  solid  dielectric  Insulation  due  to  Marx  generator 
erection  transients  and  a  failure  of  the  spark  gaps  to 
nalntaln  a  stable  self-break  threahold. 
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Sums ary 

Design  and  construction  of  a  novel  low  impedance 
strip-lina-typa  Marx  generator  using  aultichannal 
surface-spark-gaps  for  fast  discharge  lasers  are 
described.  This  type  of  Marx  generator  can  supply  a 
fast-rise  currant  pulse  to  low  resistive  loads,  and  is 
simple,  can pact  and  scalable.  As  it  contains  pfn 
function,  quasi -rectangular  output  wave face  can  be 
generated.  Theoretical  study  of  the  output  perform¬ 
ance  has  been  carried  out  by  numerically  solving  its 
circuit  equation  of  the  Marx  generator.  Theoretical 
results  were  compared  with  the  experimental  results. 
Its  application  to  the  fast  discharge  excitation  of 
the  n2  and  HF  lasers  and  practical  characteristic 
limitation  of  this  type  of  Marx  generator  are  also 
discussed. 


Fast  discharge  excitation  is  necessary  to  initiate 
Nj,  HF,  and  rare -gas  halide  lasers.  All  discharge 
r are-gas  halide  lasers  with  a  uv  preionisation  show  a 
limited  stable  glow  discharge  tlate  no  longer  than 
35-40  na?  At  the  peak  of  discharge  current  pulse, 
dynamic  impedance  of  the  discharge  plasma  is  estimated 
to  be  leas  than  1  fl  for  ordinary  discharge  devices. 
Additionally,  the  rise-rate  of  the  applied  discharge 
voltage  should  be  greater  than  108  kv/s  for  obtaining 
spatially  uniform  initiation  of  the  discharge,  and 
electrical  power  input  on  the  order  of  lMN/cm3  is 
required  to  produce  a  sufficient  laser  gain?  These 
requirements  are  also  necessary  for  n2  and  HF  lasers. 

As  the  excitation  techniques  satisfying  the  above 
requirements,  the  L-C  inversion?  Blumlein  circuit? 
and  pulse-charged  FT*5  have  been  successfully  utilised. 
Except  the  pulse-charged  PFH,  the  L-C  and  Blmslein 
devices  have  been  used  only  tor  small-scale  lasers. 

The  pulse-charged  PTX  exciter  can  operate  with  low 
overall  electrical  efficiency. 

A  new  excitation  scheme  for  fast  discharge  lasers 
has  been  developed,  which  is  capable  of  delivering  the 


power  as  much  as  possible  into  the  discharge  volume 

prior  to  the  onset  of  discharge  instabilities,  this 

siaple  and  compact  laser  exciter  consists  of  a  low- 

impedance,  strip-line-type  Marx  generator  with  multi - 
6 

channel  surface-spark-gaps  and  contains  the  PFM 
function? 

we  want  to  report  the  design  of  the  strip-line-type 
Marx  generator  using  multichannel  surface  gape  for 
fast  discharge  lasers,  and  to  report  the  theoretical 
analysis  of  the  equivalent  electrical  circuit  by 
computer  simulation.  The  output  power  characteristics 
were  compered  between  the  strip-line  type  Marx 
generator  and  the  conventional  type  Marx  generator 
without  any  additional  stray  capacitance.  Finally  we 
will  discuss  the  discharge  excitation  of  the  «2  and  HF 
chemical  lasers  by  this  type  of  Marx  generator. 

Modification  of  a  Marx  Generator 

As  Marx  generators  can  easily  produce  high  voltage 
output  pulse  by  increasing  the  number  of  stages  of  the 
Marx  capacitor  and  have  scalability,  they  have  been 
utilised  widely  as  s  driver  for  an  a-baam  accelerator 
and  an  x-ray  generator  for  many  years.  Generally 
speaking,  since  the  Marx  generator  has  a  high  output 
iapedanca  because  of  its  large  inductance,  a  high  and 
short  current  pulse  cannot  be  generated  by  e 
conventional  Marx  generator  without  any  additional  lew 
iapedanca  PFN.  Than,  its  overall  electrical 
efficiency  decreases  whan  a  PFN  ia  used  additionally. 
Internal  inductance  of  a  conventional  Marx  generator 
eonai  te  of  the  residual  inductance  in  Marx  capacitors, 
the  channel  inductance  of  spark-gap  switches  and  the 
inductance  derived  from  the  structure  of  the  Marx 
generator.  A  low  inductance  capacitor  such  as  ceramic 
CbaTiOj,  or  SrTiOj  series)  capacitors  la  suited  to 
diminish  the  residual  inductance  in  capacitors  used, 
one  ef  the  methods  to  reduce  the  channel  lncuctaoce  of 
the  av'ark-gap  switch  is  to  supplant  a  standard  spark- 
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gap  twitch  by  a  multichannel  (park  gap  (witch  (rail 
gap  or  aurface  gap  awitchaa) .  A a  for  the  structural 
inductance,  it  is  known  that  coaxial  and  strip-line 
configurations  are  suitable  for  realizing  a  low- 
impedance  circuit.  We  have  previously  clarified  that 
these  types  of  Marx  generator  contain  the 
p TO  function,  resulting  in  producing  a  quasi- 
rectangular  output  waveform? 

In  case  of  the  coaxial-type  Marx  generator  using  a 
standard  spark-gap  switch,  decrease  in  the  impedance 
was  found  to  depend  mainly  on  the  channel  inductance 
of  the  gap  switch  used ,  which  limits  the  minimum 
inductance  of  this  Marx  generator. 

Theoretical  Analysis 


generator  is  shown  in  Fig.  4.  The  electrical  paraam- 
tera  used  in  this  analysis  are  listed  in  Table  1. 

In  this  analysis,  the  multichannel -gap  switch  is 
assusied  to  consist  of  the  channel  inductance  and  the 
resistance.  Since  the  output  voltage  waveform  of  the 
Marx  generator  varies  with  the  resistance  of  the 
resistive  load,  we  introduce  a  normalized  load  re¬ 
sistance  a  defined  by 

a  ■  — m  ~  L  '  n  “  4 

where  a  indicate  the  ratio  of  the  load  resistor  R^ 
to  2  /Lt  /  Cm/n  which  is  the  resistance  at  which 
critical  damping  occurs  in  a  simple  RLC  series 
resonance  circuit.  We  also  introduce  a  parameter  oT 


A  simplified  view  of  a  strip-line-type  4  stage 
Marx  generator  with  multichannel-surface-spark-gap 
switches  is  shown  in  Figs • 1  and  2 . 

The  equivalent  circuit  of  the  strip-line,  multi- 
channel-spark-gap-  type  exciter  is  shown  in  Fig.  3. 

This  low- impedance  Marx  generator  has  multichannel 
surface-spark-gaps  and  stray  capacitor  Ca  on  a 

copper-clad  glass-epoxy-laminated  board  (e  *4,  t»3 . 2mm 

2  8 

S-100  x  100  cm  )  providing  the  fuention  of  the  PFN. 

The  Marx  generator  consists  of  4  modules  and  can 
store  an  electrical  energy  of  50  j  at  a  charging 
voltage  of  20  kv.  The  discharge  was  fired  by  a 
triggered  spark  gap,  pressurized  at  up  to  3  atm  with  a 
dry  n2  gas.  A  triggered  spark  gap  and  the  first-stage 
Marx  capacitor  were  connected  with  eight  coaxial- 
cables  (10C2V.  Zq»75  ft)  to  keep  the  propagation  time 
of  a  voltage  wave  equal.  Ceramic  capacitors  which 
have  virtually  little  residual  inductance,  were  used 
ae  a  Marx  capacitor  .  Each  energy  storage  capaci¬ 
tor  was  composed  of  23  ceramic  capacitors  (62.1  nF  in 
total  capacitance)  distributed  in  parallel  as  closely 
as  possible.  Each  stray  capacitor  C(  was  mada  by  a 
copper-clad  glass-epoxy-laminated  board  itself.  In 
initial  experiments,  each  surface-gap  was  fired  in  air, 
utilizing  the  multichannel  arc  discharge  on  an  etched 
laminated  board.  The  length  of  each  surface  discharge 
electrode  was  80  cm,  the  discharge  distance  being  3  cm. 

The  output  performance  of  this  type  of  Marx  genera¬ 
tor  shown  in  Figs.  1,2  and  3  was  analysed  numerically 
by  the  computer  simulation  code.  This  code  has  been 
previously  reported.7  This  system  is  called  Model  > 
in  Table  1.  The  output  characteristics  of  this  Marx 
generator  is  compared  to  the  Marx  genarator  without 
stray  capacitance  Cf  (Model  A  in  Table  1) .  The  equiva¬ 
lent  electrical  circuit  of  the  conventional  Marx 


Fig.l  Simplified  view  of  a  strip-line-type  4-stage 
Marx  generator.  Not  to  scale.  C^:  Marx  capacitor, 
CJ-.  Stray  capacitance,  T  :  Triggered  spark  gap, 

R^i  Load. 


n2 


Fig. 2  cross-sectional  view  of  the  strip-line,  multi¬ 
channel-  surf ace-gap-type  Marx  generator  (Partial). 

1:  Copper-dad  glass-epoxy- Uminated  board ,  2 1  Copper  / 
plates,  3i  A1  plate.  Si  Surface  gap.  * 
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surface 
spark  gap 
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Fig. 3  Equivalent  electrical 
circuit  of  the  strip-line- 
type,  4- stage  Han  generator 
Model  B. 


Table  1  Electrical  parameters  used  in  this  analysis. 


Model  A 

Model  B 

Model  C  • 

NM 

4 

4 

12 

VC 

30  kV 

30  kV 

30  kV 

Cm 

62.1  nF 

62.1  nF 

62.1  nF 

L 

10  nH 

10  nH 

10  nH 

15 

15 

15 

20 

20 

20 

25 

25 

25 

30 

30 

30 

Cs 

0  V2' 

9.58  nF 

oT»4,  0.27  nF 

3, 

4.26 

5,  C . 17 

4,  2.39 

5,  1.53 

6,  1.06 

7,  0.78 

8.  0.60 


a 

L-10 

L-15 

L-20 

L-25 

L-30  "**  L-20  * 

0.2 

0.64(1 

0.79(1 

0.91n 

1.02(1 

1.11(1 

2.73(1 

0.4 

1.28 

1.57 

1.82 

2.03 

2.22 

5.45 

0.6 

1.93 

2.36 

2.72 

3.05 
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NMs  Marx  Stag* 

V  :  Charging  Voltage 
C  !  Marx  Capacitance 
L  :  Inductance 
c  :  Stray  Capacitance 
R£t  Load  Resistance 

*  The  results  of  Model  C  are  not  presented  here. 
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(V=VCt  t=0) 


Fig. 4  Equivalent  electrical  circuit  of  the  Marx 
generator  without  stray  capacitance  Cg.  Lt:  Total 
inductance,  R_  :  load  resistance,  c  :  Total  Marx 
capacitance,  S:  Cap  switch. 


defined  by 


or  -  —V  C  /  C 
T  n  m  s 


which  is  determined  by  the  Marx  capacitance  C_  and 

o 

the  stray  capacitance  C(. 


The  output-voltage  waveforms  calculated  by  this 
analysis  using  the  normalised  parameter  a  ere  shown  in 
Fig.  5.  Here  ot*  5  is  assumed.  Dependence  of  the 
voltage  waveforms  on  parameter  dT  is  shown  in  Fig.  6. 
In  Fig.  6,  a  is  assumed  to  be  1.  peak-power 
dependence  on  ot  and  ere  shown  in  Figs. 7,  and  S, 
respectively,  according  to  the  results  obtained, 
in  order  to  produce  the  highest  peak  power  the 
parameters  a  *  1.0  and  oT»  -5.5  were  found  to  be 
optimal. 

In  Model  A,  the  theoretical  results  are  shown  in 
Figs.  9  and  10.  In  this  analysis,  the  stray  capaci¬ 
tance  is  assuswd  to  be  negligible.  In  this  case, 
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the  pHk  power  was  aaxiaised  at  a  ■  -.6. 

The  paak  powers  wars  coapared  batwaan  tha  atrip* 
lina  typa  Mara  generator  (Modal  B)  and  tha  ordinary 
eypa  Marx  ganarator  without  stray  capacitanca  C(  ( 

Modal  A)  in  Fig.  11.  Aa  aaaily  ba  saan  in  rig.  11. 
tha  paak  powar  of  Modal  B  is  always  largar  than 
Modal  A  against  all  values  ot  tha  inductance.  Therefore 
tha  stray  capacitanca  was  found  to  play  an  laportant 
cola  for  delivering  high  paak  power  to  tha  raaistiva 
load. 


Operating  Characteristics  of 
tha  Marx  Generator 

The  channel  n unbar  of  tha  surface  gap  is  plotted 
against  tha  maaber  of  tha  stage  in  rig.  12.  As  tha 
charging  voltage  increases ,  tha  channel  nunber 
increases.  Tha  channel  ntnber  increases  sharply  with 
tha  stage  ntafcer.  figure  13  shows  tha  output  wave¬ 
form  at  Kg*  20.  As  tha  charging  voltage  increases , 
the  output  wavafora  rises  sharply  due  to  tha  increase 
in  tha  channel  nunber ,  resulting  in  the  decrease  in 
tha  channel  Inductance. 


HlCC-0.2 
12J  *0.4 
131  *0.6 
(41  *1.0 


0  SO  100  1 

TIME  .  ns 

rig.  10  Dependence  of  power  wavefoms  on 
L-  20  nH.  Modal  A. 


L=10nH 


L-a0nH 


*  o  20  40  60 

F19.9  o*p*ad«f»o*  ot  p—k-posmr  on  a. 

20  * lH*  Hod«l  A. 

TIME  .ns 

rig. 11  Dapendance  of  peak-power  or  iaduotance 
At  aw  0.6,  Bt  gw  1.0,  0  W  5. 

CHANNEL  NUMBER 


SURFACE  GAP 


Fig. 12  Channel  number  of  surface  spark  gaps  (d»  20  sm 

in  air) .  i:  v  »  20  kv  2:  V  -17. S  kv  3:  V  «  IS  kV. 
c  c  c 


Vc=13kV 


Vc=15  kV 


Vc=20kV 


50  ns/div 

Rl=2a 


rig. 13  Output  voltage  waveforms .  3  0. 


Excitation  of  Gas  Lasers  by  This  Harm  Generator 

The  fast  discharge  gas  lasers  of  N2  and  HP  were 
excited  by  this  type  of  Marx  generator.  The  laser 
chamber  of  lucite  was  used  for  both  and  HP  lasers, 
which  was  fitted  with  a  CaF2  laser  window  at  each  end. 

A  pair  of  90 -cm  long  stainless-steel  electrodes  were 
rounded  smoothly  at  both  corners  to  eliminate  field 
enhancement.  The  discharge  volume  was  lw  x  2h  x  90* 

(180  cm*) .  The  laser  device  had  two  1-on  dia.  pre¬ 
ionization  wires  placed  at  the  both  sides  of  the  cathode 
which  were  connected  to  the  anode  through  two  0.7-nF 
ceramic  capacitors.  The  electrical  connection  between 
the  laser  electrodes  and  the  Marx  generator  was  made 
to  reduce  the  inductance  as  far  as  possible. 

For  an  Nj  laser,  an  ASE  (Amplified  Spontaneous 
Emission)  output  was  measured  when  an  aluminum-coated 
mirror  was  used  as  a  total  reflector.  The  laser  energy 
was  measured  with  a  Gentec  ED-200  joulemeter.  The 
maximum  t*2  laser  energy  was  obtained  at  a  charging 
voltage  of  19  kv  and  at  60  Torr.  The  h2  laser  energy 
and  an  electrical  efficiency  at  60  Torr  are  plotted  in 
Fig.  14  as  a  function  of  charging  voltage  and  stored 

energy.  The  laser  spot  size  of  an  N.  laser  was 
w  h  2  2 

measured  to  be  about  1  x'2  cm  .  The  laser  pulse 

shape  was  detected  with  a  fast  biplanar  phototube 
(Hamamatsu  TV,  R617-02) .  signals  were  recorded  with  a 
Tektronix  7904  oscilloscope.  The  N2  laser  pulse  shape 
is  shown  in  Fig.  IS.  The  pulse  width  of  20  ns  (FWHM) 
was  obtained  at  a  charging  voltage  of  18  kV  and  at  60 
Torr. 

The  lifetime  of  the  upper  laser  level  (C*HU  state) 

of  N.  (M0  ns)  is  two  orders  of  magnitude  shorter  than 

^  3  9 

the  lower  laser  level  (B  II  state) .  To  efficiently 
9 

excite  an  laser,  a  fast  voltage  risetime  in  the 
10-20  ns  range,  low- loss  and  low-inductance  spark-gap 
switches,  and  a  low-impedance  transmission  line  are 
necessary,  which  means  that  a  fast  power  pulse  shorter 
than  the  lifetime  of  the  upper  laser  level  should  be 
applied.  According  to  the  result  of  the  M2  laser 
performance,  the  low-impedance  Marx  generator  (2Q~ 

M-2  (2)  newly  developed  was  demonstrated  to  have  a  fast 
voltage  risetime  (M0  ns) ,  and  to  efficiently  excite 
the  Hj  laser. 

An  KF  laser  was  also  Initiated  by  this  low-impedance 
Marx  generator  to  clarify  the  exciter  performance.  For 
an  KF  laser,  the  R  donor  was  CjH^  and  the  F  donor  being 
SFg.  The  and  SFfi  were  premixed  and  were  then 
introduced  from  two  inlets  located  at  both  ends  of  the  | 
laser  chamber  and  exhausted  from  its  center  by  a 
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mechanical  vacuum  pump.  An  ASE  output  of  an  HP  laser 
was  aaaaurad  with  a  Gentac  ED-500  joulemeter  when  an  Au 
mirror  (R-  8  *,  concave)  waa  used  as  a  total  reflector. 
The  ASB  output  of  an  HF  laser  is  plotted  in  Fig. 16  as  a 
function  of  charging  voltage  and  stored  energy.  As  can 
easily  be  seen  In  Pig.  16,  the  laser  energy  and  the 
electrical  efficiency  trade  off  with  each  other.  The 
maximum  laser  output  of  l  J  (5.6  J/l)  was  obtained  with 
a  120  Torr  mixture  of  C2Bg/SFg«  1/25.  The  HF  laser 
pulse  shape  waa  detected  with  a  photon  drag  detector. 
Figure  17  shows  a  typical  HF  laser  pulse  shape  when  the 
mixture  of  CjHg/SFg-  1/25  was  at  120  Torr. 

Pulsed  discharge- Initiated  HF  lasers  have  been  found 

to  efficiently  lase  when  initiated  by  a  low-impedance 
9 

discharge  circuit.  For  HF  chemical  lasers,  it  is  well 
known  that  the  Input  energy  density  and  the  electrical 
efficiency  trade  off  with  each  other.  In  this  case, 
under  the  large  energy  loading  of  ^380  J/l  an  electrical 
efficiency  of  l.S  %  and  an  output  energy  density  of 
5.6  J/l  was  obtained  using  a  low- impedance  Marx 
generator  as  an  initiator. 

In  summary,  a  fast  discharge  laser  exciter  has  been 
newly  developed,  which  consists  of  a  low- impedance , 
strip- line-type  Marx  generator.  Using  this  Marx 
generator  «2  and  HF  lasers  have  been  efficiently 
excited. 
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A  LOW- INDUCTANCE,  300  KJ,  1.2  MV,  MARX  GENERATOR 
FOR  THE  LASL-ANTARES  LASER  FACILITY 


J.  Harrison,  H.  Kent,  T.  Olson,  G.  Santsmaria,  and  R.  White 
Maxwell  Laboratories,  Inc. 

San  Diego,  California  92123 


The  final  qualifiers  of  LASL' s  ANIAKES  laser  are 
Co  be  driven  by  300  kj  Marx  generators.  A  modular  Marx 
has  been  designed  Co  meet  die  requirements  of  3  yH, 

<20  ns  ins  jitter,  and  high  reliability.  The  develop¬ 
ment  progressed  through  four  key  stages:  a  study  of 
inductance  as  a  fine  tier  of  gear*  try;  an  analysis  of 
jitter  for  various  triggering  systems;  a  full-scale 
model  of  the  Marx  to  verify  inductance:  and  a  high- 
voltage  integrity  analysis.  The  final  design  comprises 
10  stages,  each  having  six  2.8  yF  capacitors  charged 
symmetrically  to  120  kV,  and  cm  3-electrode  spark 
gap  developed  by  LASL.  The  open-circuit  voltage  is 
1200  kV,  normal  load  voltage  la  550  kV.  The  capaci¬ 
tors  hang  from  the  tack  lid  on  nylon  straps .  The 
spark  gaps  are  moulted  on  the  outside  of  the  capacitor 
modules  to  give  easy  access  for  maintenance.  The  gen¬ 
erator  has  been  successfully  fired  2000  times  into  a 
(nominal)  load  inpedance  of  2.5  fl,  and  20  times  Into 
an  0.25  0  load  representing  flashovsr  conditions  in  the 
load.  The  measured  inductance  la  2.3  uH,  and  the  ebb 
jitter  is  vio  ns. 


It  will  be  seen  frem  Figure  2  that  the  current 
path  zig-zags  down  each  row.  The  capacitor  assemblies 
carry  the  current  across  the  rows,  and  are  connected 
to  adjacent  capacitor  asssehlies  by  gas  plasma  switches 
moulted  an  the  outside  of  the  sssenhly.  The  capacitor 
assemblies  at  the  ends  of  the  rows  have  three  parallel 
2.8  uF,  60  kV  capacitors,  and  those  in  the  middle 
stages  have  two  of  these  parallel  sets  connected  in 
secies .  The  capacitor  sets  are  charged  alternatively 
to  +60  kV  and  -60  kV.  The  capacitors  in  each  capacitor 
sssenbly  are  moulted  in  a  formed  sheet  metal  housing. 
This  housing  provides  the  oometion  for  the  Marx  dis¬ 
charge  currant,  eliminating  any  possibility  of  arcing 
between  capacitor  cases,  in  addition  to  supporting  the 
capacitors. 

The  capacitor  housings  of  the  cop  row  of  capaci¬ 
tors  are  huig  from  the  lid  of  the  Marx  tank  by  nylon 
scraps ,  and  the  capacitors  in  the  lower  row  are  hung 
from  the  top  row  capacitors,  also  using  nylon  straps. 
The  final  generators  will  be  serviced  by  lifting  the 
Marx  from  Its  tank  using  an  overhead  crane. 


Introduction 

The  discharge  of  the  final  qualifiers  in  the  LASL 
ANEARES  002  laser  system  will  each  be  driven  by  four 
300  kj,  1.2  MV  Mezx  generators.  The  complete  ANIAKES 
system  is  designed  to  have  six  final  moplifiers,  so  a 
total  of  24  of  ttese  Marx  generators  are  required  for 
the  system. 

Synchronized  and  reliable  performance  of  these 
high  voltage,  high  energy  drivers  is  essential  for  the 
predictable  performance  of  the  entire  laser  system. 
Consequently,  when  developing  the  final  anp lifter  spec¬ 
ifications,  LASL  gave  tinea  considerations  to  their 
specifications .  A  low  Marx  inductance  of 
design  goal  of  2.5  uH  was  specified  to 
meirimtze  the  rate  of  pewer  delivery.  This  is  inport- 
snt  to  minimize  the  time  available  for  build-up  of 
undesirable  laser  oscillations .  LASL  also  specified  a 
maxim »n  jitter  for  each  Marx  driver  of  20  ns  standard 
deviation.  However,  there  was  a  design  goal  of  10  ns, 
to  minimize  the  Inhelanrei  in  the  power  delivery  since 
isfcalanca*  can  excite  laser  peculations.  These  two 
requiments  were  ccnbined  with  the  requirement  of  a 
very  low  Marx  generator  pretire  and  non  tire  rate 
which  was  to  be  doauns  crated  in  a  2000  shot  test  of 
a  prototype  systmn. 

This  paper  describee  the  Marx  generator  designed 
to  meet  these  requiments,  and  also  describes  the 
design  analysis  undertaken  to  ensure  that  the  Marx 
would  achieve  or  exceed  the  specified  performance  and 
the  prototype  tests  utdertdcen  to  oonflrm  the  design. 


Ftgurs  1  shows  the  prototype  Marx  generator  re¬ 
moved  from  its  oil  tank.  The  Marx  has  tsn  stages 
mounted  in  two  5  stags  rowe,  one  above  the  other. 
Figure  2  show  a  plan  view  of  a  row.  The  major  cur¬ 
rant  path  is  fron  the  grounded  end  of  the  upper  row, 
along  this  row  to  the  bade  of  the  Merx  where  it  drops 
to  tbs  bottom  row  and  returns  to  the  output  and  ad¬ 
jacent  to  the  ground  connection.  The  output  end  of 
the  Msrx  la  connected  to  6  cables  through  a  0.25  n 
resistor.  The  resistor  is  provided  to  dmp  the  Msrx 
discharge  under  laser  or  cable  fault  conditions. 


The  prototype  had  a  removable  end  plate  so  that  it 
could  either  be  lifted  out  of  its  tank,  or  it  could  be 
lifted  high  enough  to  prevent  interference  with  the  top 
flange  of  the  tank,  then  wheeled  out  through  the  opal 
end  of  the  tank.  A  special  service  fixture  was  used 
for  this  end  removal. 

A  major  feature  of  this  Marx  design  is  the  access¬ 
ibility  of  the  switches  and  the  charge  and  trigger  re¬ 
sistors  when  the  generator  is  removed  from  its  tank. 
This  ready  access  makes  it  easy  to  service  these  com¬ 
ponents  or  to  renove  these  for  capacitor  maintenance. 

A  special  dolly  with  a  lift  table  is  used  to  remove 
capacitors,  which  can  be  supported  on  the  dolly  while 
the  strap  bolts  are  moved,  then  wheeled  out  of  the 
assenbly.  This  capacitor  ranoval  operation  Is  also 
very  simple. 

Switches 

The  Marx  switches  are  three  electrode  ges  plasma 
switches  with  a  central  electrode  with  a  field  distor¬ 
tion  edge  at  the  add  plane  of  the  switch.  The  switch, 
shown  In  Figure  3,  was  developed  by  LASL.  It  has  high 
density  copper-filled,  sintered  tungsten  main  elec¬ 
trodes  ,  which  proved  to  have  superior  wear  character¬ 
istics  compared  to  less  fully  tilled  sintered  tungsten. 
Cylindrical  blue  nylon  insulators  are  used  between  the 
mein  electrodes  aid  the  ring  support  of  the  central 
electrode.  The  ends  of  the  switch  are  clanped  together 
by  Fennell  "Superstuds®  The  switch  cavity  dielec¬ 
tric  is  pressurized,  synthetic  air. 

The  static  breakdown/ gas  pressure  characteristic 
of  the  switch  has  betn  measured  by  LASL  over  a  voltage 
range  of  50  kV  to  300  kV.  The  Msrx  is  operated  at  a 
static  breakdown/operating  voltage  ratio  of  2  to  mini¬ 
mize  the  pretire  race. 

ragggjPB 

The  specified  jitter  in  the  erection  time  of  the 
Marx  was  20  ns  standard  deviation,  with  a  design  goal 
of  10  ns.  There  are  two  features  that  make  this  a 
non- trivial  requirement.  These  axe  the  breakdown  ratio 
of  2  used  for  Che  switches,  and  the  high  capacitive 
coupling  between  adjacent  stages . 
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The  trigger  system  adopted  to  meet  these  require¬ 
ments  is  show  in  Figure  4.  Erection  is  initiated  by 
simultaneously  triggering  the  first  four  switches  with 
a  pulse  from  a  280  kV  trigger  Marx  generator.  This 
trigger  Marx  is  tang  fnrn  the  lid  of  the  Marx  tank, 
and  is  resistively  coupled  to  the  mid-plane  electrodes 
of  the  switches.  Passive  triggering  is  provided  for 
the  stages  to  10  switches  by  coupling  their  mid- 
plane  electrodes  to  the  capacitor  case  2  1/2  stages 
lower  in  the  voltsge  chain.  This  connection  generates 
a  voltage  differential  of  300  kV  between  the  low  volt¬ 
age  electrode  and  the  mid-plane  electrode  when  the 
earlier  stages  erect.  This  voltage  excursion  is  fiv* 
times  the  voltage  l*’>el  between  these  electrodes  at 
the  time  of  charge  ample  ticn. 

The  behavior  of  the  system  after  this  first  half 
of  theae  later  gape  closed  was  ccnputsr  simulated.  It 
was  found  that  the  voltage  exceeded  three  times  the 
charge  voltage  with  the  generator  output  open  circuited, 
and  3  1/2  times  the  charge  voltage  when  feeding  a  6  0 
load.  The  simulations  indicated  that  the  time  from 
closure  of  the  first  fair  switches  to  conplecion  of 
erection  is  v.100  ns.  This  suggested  that  the  design 
goal  of  10  ns  jitter  might  be  attainable. 

Car eolation  of  Inductance 

The  inductance  of  the  Marx  was  of  vital  import¬ 
ance  to  LASL,  so  it  was  Important  to  make  an  accurate 
inductance  calculation  before  construction  started. 

The  principle  which  formed  the  basis  for  this  calcula¬ 
tion  is  that  an  upper  bound  for  the  inductance  of  any 
structure  can  be  obtained  by  assuslng  that  the  current 
flows  only  in  a  limited  part  of  the  circuit,  and  then 
chooelng  a  flow  path  that  has  an  inductance  that  is 
calculable.  The  calculated  Inductance  will  then  be 
close  to  the  actual  inductance  if  most  of  foe  current 
flows  through  the  selected  path. 

The  ANEAKES  Marx  generator  proved  to  be  highly 
amenable  to  this  type  of  treatment  since  most  of  foe 
current  flow  w is  through  current  paths  that  had  cal¬ 
culable  lnductwces .  The  coop  Late  analysis  will  not ' 
be  presented  here.  Howeumr,  the  method  used  to  cal¬ 
culate  foe  inductance  of  foe  stages  in  the  middle  of 
the  Mszx  will  be  presented  as  an  example . 

Figure  5(a)  schematically  shows,  In  phantom,  two 
adjacent  capacitors  in  the  upper  row  of  foe  Marx,  the 
two  capacitors  inmedtataly  below  these  top  capacitors 
and  foe  intercomecting  switch  for  both  capacitor 
pairs.  The  selected  current  path  is  shown  in  full 
lines  In  this  figure,  and  is  repeated  In  Figure  5(b) 
with  foe  phantom  lines  of  foe  minder  of  the  circuit 
omitted.  It  will  be  seen  that  the  chosen  path  was  two 
triangular  parallel  plates  between  the  two  capacitors 
In  each  row,  mid  rectangular,  parallel  plate  contactors 
between  foe  rowe.  One  side  of  one  of  the  triangular 
planes  is  corrected  to  foe  adjacent  side  of  foe  adjac¬ 
ent  place  through  foe  capacitor  bushings  and  foe  Mitch. 
The  Inductance  of  this  geometry  can  readily  be  calcu¬ 
lated  using: 

parallel  plane  formulae  for  foe  parallel  plate 

secdone 

cylinder  over  plane  formulae  for  the  switch 

section. 

This  laeuna  a  smell  volume  between  the  capacitors  and 
the  switch  section.  The  lnductmice  of  this  volume  was 
calculated  by  assuming  that  the  current  flowed  In  three, 
parallel,  triangular  paths  forming  a  transition  from 
the  three  c^edtor  terminals  to  the  ocemon  switch 
volunm. 


After  foe  calculation  was  complete,  an  estimate 
was  made  of  foe  possible  error  due  to  omitted  conduc¬ 
tors.  The  ccnplete  calculation  yielded  bounds  of  2.1 
and  2.3  uH  for  foe  total  Inductance.  The  geometry  of 
foe  final  Marx  was  altered  slightly  from  that  of  foe 
model,  adding  0.1  to  0.2  pH  to  the  inductance. 

This  calculated  inductance  was  checked  by  con¬ 
structing  a  full-scale  model  of  the  Marx  generator  and 
yielded  ms  inductance  figure  of  2.5  pH. 

The  Inductance  of  the  prototype  Marx  aanerator 
was  calculated  to  be  2.3  pH  from  an  oscilloscope  truce 
of  the  ring  out  of  a  short  circuit  test  shot.  This 
value  is  In  foe  mid  to  low  range  of  the  calm!  atari  in¬ 
ductance  when  adjusted  for  foe  changes  In  the  geometry 
from  that  used  in  foe  Inductance  calculation. 

Prototype  Tests 

The  prototype  Marx  generator  shown  In  Figure  1  has 
successfully  oonpleced  a  test  program  to  demonstrate 
its  reliability,  electromechanical  Integrity,  induct- 
mice  and  jitter.  The  test  series  included  2000  hull 
voltage  shots  fired  at  a  shot  rate  of  one  per  two  min¬ 
utes  Into  a  duBny  load  designed  to  closely  simulate 
foe  anplifier  load.  Two  groups  of  ten  full-voltage 
short  circuit  shots  were  introduced  Into  foe  duay 
load  series  after  500  and  1500  test  shots.  The  dumy 
load  resistors  were  replaced  by  solid  ahnriram  conduct¬ 
ors  during  these  tests.  An  additional  voltage  Integrity 
test  series  was  introduced  Into  foe  test  series  after 
1000  dumy  load  shots.  The  load  impedance  was  raised 
frem  2.5  8  to  4.4  0  for  this  test.  This  increased  foe 
peak  voltage  on  foe  generator  to  750  kV  (vs.  550  kV 
for  foe  dumy  load  shots) . 

The  waveforms  of  foe  dumy  load,  short  circuit 
and  voltage  integrity  tests  are  shown  In  Figure  6.  It 
will  be  seen  that  foe  waveforms  of  the  first  two  axe 
underdamped  sinusoids  with  reversals  of  5Z  and  75Z 
respectively,  mid  the  waveform  of  the  lest  is  a  critic¬ 
ally  danped  sinusoid.  The  Inductance  and  resistance 
of  the  Marx  has  been  calculated  from  the  ringing 
frequency,  161  kHz,  and  currant  reversal  of  foe  short 
circuit  shots.  The  calculation  gives  a  figure  of  2.3  UH 
for  the  Inductance,  and  0.46  0  for  the  resistance.  The 
Inductance  figure  agrees  well  with  the  calculated  In¬ 
ductance  range  of  2.1  to  2.3  pH,  especially  after  ad¬ 
justment  for  the  geometry  changes  between  the  model 
used  In  the  calculation  and  the  final  Implementation 
of  the  design.  The  resistance  velum  Includes  foe 
0.25  0  resistance  of  foe  series  danping  resistance, 
giving  a  series  resistance  velue  of  0.21  8  for  the 
Marx  ccepcnents  and  collections. 

Jitter  was  monitored  throughout  foe  tests  using 
an  HP5370A  timer /counter  and  Tektronix  454  oscillo¬ 
scope  mounted  In  a  scremt  roan,  as  shown  in  Figure  7. 

A  double-Faraday  shielded  B-dot  loop,  mounted  in  foe 
current  return  conductor  generated  e  signal  coincident 
with  erection  of  the  Marx.  The  B-dot  signal  and  a  time 
mark.  In  the  form  of  e  -0.7  V  step,  coincident  with  the 
triggering  of  foe  counter  stop  charnel  (but  delayed 
50  ns)  wars  addad  aid  viewed  on  the  scope.  The  time 
mark  scrums  to  verify  that  foe  counter  is  not  trig¬ 
gered  by  spurious  electromagnetic  Interference.  The 
time  delay  between  the  trigger  pulse  and  the  B-dot 
signal  were  recorded  for  all  the  cast  shots.  Figure  8 
shows  the  delay  distribution  for  a  group  of  100  con¬ 
secutive  foots  fired  at  tha  full  t60  kV  charge  (120  kV 
total) .  The  total  delay  is  608  ns  moan,  6.83  ns  stand¬ 
ard  deviation.  Approximately  200  ns  of  the  mean  delay  ( 
is  due  to  cable  transit  times  in  the  test  facility. 
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Test  tins  of  100  shots  conducted  at  lower  charge  volt¬ 
ages  showed  sanewhat  longer  delays;  however,  the  jitter 
was  lower  chan  the  goal  of  10  ns  standard  deviation  in 
all  cases. 

Seven  system  prefires  were  experienced  prior  to 
completion  of  the  first  1500  duony  load  shots.  The 
instrumentation  used  for  these  tests  did  not  discrim¬ 
inate  between  trigger  system  and  mein  Marx  prefixes . 
After  the  first  1500  shots,  the  gap  air  pressure  was 
varied  to  check  whether  the  ratio  of  static  breakdown/ 
operating  pressure  of  two  was  the  best  operating  point. 
It  was  found  chat  the  prefire  rate  was  unacceptably 
high  at  lower  pressures  and  that  the  jitter  increased 
greatly  when  the  pressure  was  raised.  Pressure  changes 
of  3  psi  were  sufficient  to  produce  significant  degrad¬ 
ation  in  foe  Marx  performance.  It  therefore  appears 
that  foe  initial  pressure  of  47  psig  is  foe  optimum 
operating  pressure. 

During  foe  latter  portion  of  the  test  program, 
foe  system  was  instrumented  with  a  fiber-optic  coupled 
prefire  sequence  detector.  The  unit,  by  ctetecting 
foe  firing  sequence  of  foe  trigger  generator,  trigger 
Marx  or  main  Marx  made  it  possible  to  determine  foe 
source  of  prefixes.  During  this  latter  test  sequence 
prefixes  were  observed  only  in  foe  trigger  Msxx. 

The  LASL-designed  switches  proved  to  be  conserv¬ 
atively  rated  for  ncmai  duty.  Only  a  slight  roughen¬ 
ing  of  the  surface,  as  shown  in  Figure  10,  occurred. 

In  normal  operation,  degradation  and  yellowing  of  foe 
air  lines  was  observed.  A  chemical  analysis  of  the 


I-  ,*M  : 


It 

l? 


If  <  i 


M 


.4  £..  .vui.i-5  »  $ 


'/  »  i 


i  *  \ 


\  »  \ 


Pi* un  1.  Mm 


deposits  indicated  that  same  tungsten  particles  and 
aliphatic  chemical  hydrocarbons  were  present. 

During  foe  second  short  circuit  test  series,  a 
switch  insulator  tracked  and  foe  resulting  pressure 
burst  foe  switch  cavity.  A  careful  inspection  of  foe 
switch  revealed  no  obvious  causes .  A  later  Inspection 
of  other  switches  shewed  sane  evidence  of  switch  Insul¬ 
ator  degradation.  Because  of  the  insulator  degradation 
and  switch  failure,  the  switches  should  be  cleaned  every 
500  shots.  The  switches  had  1500  dummy  load  shots  be¬ 
fore  foe  failure  occurred. 

The  prototype  Marx  was  refurbished  after  conple- 
ticn  of  foe  test  series ,  and  will  be  used,  together 
with  three  additional  Marx  generators,  to  drive  foe 
first  laser  amplifier  to  characterize  its  performance. 

Conclusion 

This  paper  has  described  foe  precision  erection, 
low  inductance,  Marx  generator  foBigpoti  for  energizing 
the  final  anplifiers  of  the  LASL  ANIARES  00?  laser 
system.  The  design  was  baaed  on  careful  calculation 
of  foe  expected  performance,  and  these  calculations 
agreed  well  with  the  performance  of  foe  prototype 
wit. 

The  exhaustive  tests  on  the  prototype  hove  con¬ 
firmed  foe  reliability  of  foe  wit,  and  foe  eaae  of 
assobly  and  disassembly  of  foe  design  has  been  fully 
dnnonstrated  during  assembly,  dlsassoibly  and  mainten¬ 
ance  of  foe  prototype. 
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Summary 

High-voltage  diodes,  in  which  electric 
fields  exceed  the  breakdown  value,  depend  upon 
insulation  by  self-generated  magnetic  fields 
to  inhibit  electrons  from  crossing  Che  vacuum 
diode  gap.  Nevertheless ,  electrons  appear  to 
cross  diode  gaps  that  should  be  insulated. 

This  paper  presents  analytic,  relativistic 
single-particle  solutions  describing  the 
motion  of  electrons  in  the  time-dependent, 
crossed  electric  and  magnetic  fields  of  diodes 
of  different  geometry.  The  solutions  indicate 
that  grad  8  drift  may  cause  a  loss  of  magnetic 
insulation. 

The  £  x  §  drift  drives  electrons  towards 
the  load  on  equipotential  planes  roughly 
parallel  to  the  anode  and  cathode  surfaces . 

The  much  slower  grad  S  drift  drives  electrons 
parallel  to  the  axis  of  symmetry  of  a  converg¬ 
ing  diode  toward  the  anode  surface.  The  net 
effect  is  a  slow  drift  of  electrons  across  the 
diode  gap  as  they  move  rapidly  towards  the 
load.  Because  single  particle  motion  has  many 
of  the  qualitative  features  of  collective 
motion,  we  expect  that  single  particle  colli¬ 
sions  of  electrons  with  the  anode  are 
indicative  of  a  loss  of  magnetic  insulation. 

Introduction 


This  paper  presents  the  first  analytic, 
relativistic  single-particle  solutions  de¬ 
scribing  the  motion  of  electrons  in  the  tims- 
dapendant ,  crossed  electric  and  magnetic 
fields  of  non-planar  diodes.  The  solutions 
indicate  that  grad  B  drift  may  cause  a  loss 
of  magnetic  insulation. 

Magnetically  insulated  diodes  can  deliver 
megampere  currents  to  a  load  or  to  produce 
relativistic  electron  beams.  High-voltage 
diodes,  in  which  electric  fields  exceed  the 
breakdown  value,  depend  upon  insulation  by 
self-generated  magnetic  fields  to  inhibit 
electrons  from  crossing  the  vacuum  diode  gap. 
Experiments  at  Maxwell  Laboratories  and  else¬ 
where  have  shown  that  electrons  appear  to 
cross  diode  gaps  that  should  be  Insulated. 

Collective  particle  effects  or  resonant 
wave-particle  effects  in  a  diode  gap  may  be 
important  in  determining  the  efficacy  of  mag¬ 
netic  insulation.  However,  it  is  essential  to 
understand  the  motion  of  a  single  electron  in 
the  time-dependent  fields  of  a  diode  to  devel¬ 
op  an  understanding  of  how  well  magnetic 
insulation  will  work  in  diodes  of  different 
configurations  and  different  time-dependent 
fields.  Because  single  particle  motion  has 
many  of  the  quelitative  features  of  collective 
motion,  we  expect  that  single  particle  colli¬ 
sions  of  electrons  with  the  anode  are 
indicative  of  a  failure  of  magnetic  insula¬ 
tion.  Moreover,  if  a  sheath  of  electrons 
develops  at  the  cathode  surface,  electrons 
that  cross  the  gap  ere  likely  to  cone  from  the 
outer  surface  or  the  sheath,  where  single- 
particle  solutions  should  be  valid. 


In  the  next  section,  we  derive  time- 
dependent  electric  and  magnetic  fields  in 
vacuum  diode  gaps  of  three  different  geome¬ 
tries  :  disc-feed,  biconical,  and  bispherical. 
After  a  discussion  of  relativistic  drifts  and 
adiabatic  constants  in  the  following  section, 
analytic  solutions  of  single-particle  electron 
motion  in  the  time -dependent  fields  of  the 
diode  geometries  are  presented. 

Time-Dependent  Diode  Fields 

Because  we  wish  to  examine  only  single¬ 
particle  motion,  we  Ignore  self-fields  of 
particles  in  the  diode  gap,  and  seek  vacuum 
solutions  of  Maxwell's  equations,  neglecting 
displacement  currents .  We  choose  the  time- 
dependence  of  Che  fields  to  model  the 
triangular  voltage  waveforms  and  parabolic 
current  waveforms  of  large  electron  genera¬ 
tors  .  The  three  diode  geometries  of  Interest 
--  disc-feed,  biconical,  and  bispherical  — 
have  certain  features  in  common.  Each  is  azi- 
muthally  symmetric  about  an  axis  on  which  the 
load  is  located.  Each  carries  current  I  to¬ 
wards  the  load  on  the  anode  and  away  from  the 
load  on  the  cathode.  In  each  diode  gap  the 
magnetic  field  is  purely  azimuthal  and  the 
electric  field  has  no  azimuthal  component. 

Each  diode  gap  is  much  smaller  than  the  over¬ 
all  diode  dimensions.  The  three  diode 
geometries  are  schematically  illustrated  in 
Figure  1. 

Disc-Feed 


The  vacuum  fields  in  this  geometry  that 
satisfy  the  boundary  conditions  of  vanishing 
tangential  electric  field  and  vanishing  normal 
magnetic  field  on  the  surface,  Including  the 
surface  of  the  cylindrical  load  at  r  -  a, 
are  in  cylindrical  coordinates: 
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In  these  and  following  equations,  I  is 
a  constant. 


Biconical 


The  vacuum  fields  satisfying  the  boundary 
conditions  in  this  geometry  (ir-a-B<8<*-B)  in 
spherical  coordinates  art: 
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Figure  1.  Schematic  of  diode  geometries. 
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In  this  geometry  the  spherical  cathode 
surface  is  at  radius  r^  and  the  curved 
anode  surface  at  rj  is  given  by 
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in  which  k  and  k,  are  constants.  This 
surface  was  chosen  Co  allow  the  radial  elec¬ 
tric  field  to  be  independent  of  9,  yet 
satisfy  boundary  conditions.  In  the  diode  of 
the  DMA  BLACKJACK  5  electron  generator  at 
Maxwell  Laboratories,  the  constants  have  the 
values  k  -  4. 374  and  ki  -  0.0181.  The 
vacuum  fields  in  spherical  coordinates  are-. 
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Equations  of  Motion.  Relativistic 
Orifts  and  Invariants 

The  equations  of  motion  of  an  electron 
in  spherical  coordinates  are 


where 
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From  Eqs .  (4)  we  also  find 
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Because  a  is  an  ignorable  coordinate, 
azimuthal  motion  may  be  neglected. 

When  jSj  >  )£)  in  the  diode  gap, 
electrons  execute  Larmor  orbits  in  the  plane 
of  the  cross  section  of  the  gap  while  drifting 
towards  the  load  and  towards  the  anode  sur¬ 
face.  For  all  three  diode  geometries ,  the 
electron  drift  is  Che  sum  of  a  rapid  E  x  B 
drift  along  equlpotentlal  surfaces  towards  the 
load  and  a  slower  grad  B  drift  in  the  z  di¬ 
rection  toward  the  anode  surface.  If  the 
equations  of  motion  (4)  are  Integrated  direct¬ 
ly,  the  time  step  must  be  much  less  than  a 
Larmor  period.  Because  each  electron  trajec¬ 
tory  contains  very  many  Larmor  orbits,  this 
method  of  solution  is  time-consuming.  Ana¬ 
lyzing  electron  drifts  Instead  is  much 
quicker  and  provides  a  better  understanding  of 
the  electron  motion. 

To  understand  the  electron  motion 
analytically,  we  must  derive  expressions 
describing  relativistic  adiabatic  invariants 
and  drifts.  We  need  expressions  for  the 
relativistic  E  x  5  drift,  for  the  relativ¬ 
istic  grad  B  drift,  and  for  the  adiabatic 
change  of  relativistic  perpendicular  energy 
with  changing  magnetic  field. 
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If  5  is  perpendicular  to  £  and 
} B J  >  | E) ,  then  £  may  be  transformed  away 
by  a  Lorentz  transformation  to  a  reference 
frame  moving  with  velocity. 
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2  2 

Thus  the  quantity  y  v‘/B  is  a  relativistic 
adiabatic  Invariant  similar  to  the  nonrela- 
tivistic  invariant  u  *  w, /B.  Eq.  (10)  may 
also  be  written  as 
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In  the  transformed  frame 

2'  -  0 

S'  -  5  (l  -  E2/B2)* 

In  the  local  transformed  frame  in  the  diode 
gap,  an  electron  experiences  a  time-  and 
space-dependent  magnetic  field  but  no  electric 
field.  After  we  consider  the  effect  of  the 
spatial  dependence  of  B  on  the  electron 
motion,  we  will  consider  the  effect  of  the 
time  dependence. 

Suppose  chat  the  scale  length  of  S, 
which  is  B/|VB|,  is  much  greater  than  the 
relativistic  Larmor  radius 
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Then  the  grad  B  drift  velocity  is 
u  a  2 

Vn  -  S  X  VB 

u  2B^ 
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in  which  the  relativistic  cyclotron  frequency 
is 
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If  Che  local  magnetic  field  is  changing 
in  time,  then  so  is  wc  and  a_.  The  time 
dependence  of  these  quantities  Is  calculated 
next,  supposing  that  uc  >>  (3B/3t)/B. 

The  change  in  the  energy  of  an  electron 
over  one  orbit  is 


i (ymc2)  -  m  2.  £  £.<£ 


(8) 


-e  2  3B 
T n*c  Tt 


The  change  in  the  magnetic  field  over  one 
orbit  la 


Combining  Eqs.  (5)  and  (7)  -  (9),  we  find 
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which  is  the  same  whether  the  motion  is 
relativistic  or  nonrelativiatlc.  It  Implies 
that  the  number  of  flux  lines  passing  through 
a  Larmor  orbit  remains  constant. 

Analytic  Solution 

Because  the  Larmor  period  is  very  much 
less  than  the  transit  time  of  an  electron  in 
the  diode  gap,  and  because  the  integration 
time  step  in  a  numerical  solution  must  be 
very  much  less  Chan  a  Larmor  period,  the 
numerical  solution  can  require  integration 
over  10*  -  105  time  steps.  In  chis  section 
we  present  an  analytic  solution,  accurate  to 
within  a  couple  of  percent,  that  determines 
the  relativistic  electron  trajectory  by 
integration  over  only  about  10 1  time  steps. 

The  analytic  solution  proceeds  as 
follows.  The  electron  motion  is  initiated 
after  |B|  has  grown  larger  than  |£|  and 
after  the  Larmor  orbit  has  become  much 
smaller  than  gradient  scale  lengths  in  2. 

The  E  field  is  transformed  away  locally  by 
a  Lorentz  transformation  to  the  £  x  B  drift 
frame  moving  in  a  direction  along  equipoten- 
tial  surfaces  towards  the  load.  Because  the 
E  x  B  drift  velocity  is  relativistic,  all 
initial  thermal  velocities  that  electrons  may 
have  are  overwhelmed  and  may  be  neglected. 

The  £  x  a  drift  velocity  is  also  much 
greater  chan  the  grad  B  drift  velocity,  so 
that  the  perpendicular  energy  "imparted"  to 
che  electron  at  its  initiation  at  a  particu¬ 
lar  point  and  time  by  transformation  to  the 
£  x  B  drift  frame  fixes  the  value  of  the 
adiabatic  invariant  y',v'I/B'  over  the 
entire  trajectory  of  the  electron.  Primes 
denote  quantities  evaluated  in  the  £  x  8 
drift  frame. 

He  illustrate  this  method  of  solution  by 
•PPlying  It  to  the  case  of  linearly  increas¬ 
ing  8  In  a  bispherlcal  diode.  In  general, 
diode  gaps  are  thin  compared  to  the  dimen¬ 
sions  of  che  diode,  so  chat  the  £  x  B  drift 
velocity  is  approximately  constant  over  the 
width  of  gap.  In  a  bispherlcal  diode,  there¬ 
fore,  8(c)  can  be  written  in  closed  form  to 
good  approximation  by  integrating  the  zeroth 
order  £  x  5  drift  velocity 
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A  subscript  zero  denotes  quantities  evaluated 
at  time  t0,  the  start  of  the  electron 
motion. 

The  initial  perpendicular  velocity  in 
the  transformed  frame  is  approximately 

kr,  sin  e_ 

-  _ 1 _ o 


Then  the  radial  motion  is  found  by  integrat¬ 
ing  the  radial  components  of  the  E  x  B  and 
grad  B  drift  velocities.  The  grad  B  drift 
velocity  in  the  transformed  frame  is 

v'  •  X  (ctne  r  -  8) 

2  2 

in  which  b  s  mcv'  v'  /2erB'  is  invariant 
according  to  Eq.  (10).  The  radial  position 
of  the  electron  is  therefore 

r(t)  -  rQ  +  fZdt(X  ctne  -  — £-— )  (12) 


for  uae  in  Eq.  (12).  Equations  (11)  -  (13) 
determine  the  trajectory  of  the  electron  for 
all  time  t  with  any  initial  conditions 


Examples  of  electron  trajectories  in 
disc- feed  and  bispherical  diodes  for  the 
time- dependent  fields  of  Eqs.  (1)  and  (3)  are 
shown  in  Figs.  2  and  3  respectively. 

In  these  figures  we  have  supposed  a 
maximum  electric  field  at  the  diode  gap 
openings  of  0.875  MV/cm,  which  produces  maxi¬ 
mum  potentials  of  1.7S  MV.  The  field  rises 
linearly  to  its  maximum  value  from  zero  at 
t  -  t,  ■  50  ns,  and  decays  linearly  to  oppo¬ 
site  polarity  until  t  -  125  ns,  passing 
through  zero  at  t  •  100  ns.  We  have  chosen 
I  ■  2  kA/ns1  so  that  the  peak  current 
through  the  load  is  5  HA  it  t  •  100  ns.  At 
t  -  125  ns,  flashover  of  the  diode  typically 
occurs  in  experiments ,  so  we  terminate  the 
calculation  there.  Only  those  electrons 
emitted  from  the  cathode  surface  before  about 
t  «  60  ns  strike  the  anode  before  the  end  of 
the  pulse.  Some  electrons  that  exist  or  are 
produced  in  the  gap  after  60  ns  may  strike 
the  anode  before  the  end  of  the  pulse. 


The  adiabatic  Invariant  determines  y'  in 
terms  of  B'(0,  t) ,  which  may  be  simplified 
to 


The  electron  positions  calculated  analy¬ 
tically  as  a  function  of  time  agree  with  the 
numerical  results  to  within  a  couple  of  per¬ 
cent.  The  Integration  can  be  performed 
backward  as  well  by  selecting  a  final  electron 
position  and  time  and  an  initial  time.  The 
value  of  tQ  fixes  che  adiabatic  invariant 
for  the  integration.  Then  one  may  answer 
such  questions  as  where  an  electron  came  from 


Figure  2.  Electron  trajectories  in  disc-feed 
diode  (not  drawn  to  scale) .  Electrons 
launched  at  indicated  times  tn  move  upwards 
towards  anode  in  fields  given  by  Eq.  (1). 
Trajectories  terminate  at  anode  or  at 
t  •  125-  ns . 


0  10  20  JO 


Figure  3.  Electron  trajectories  in 
bispherical  diode  (not  drawn  to  scale) . 
Fields  given  by  Eq.  (3). 
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that  struck  the  anode  at  a  particular  posi¬ 
tion  at  time  t.  Or  one  may  determine  a 
volume  having  the  property  chat  every  elec¬ 
tron  within  the  volume  during  a  given  time 
period  will  strike  the  anode  at  a  distance 
greater  than  a  given  distance  from  the  axis. 

Conclusions 

We  have  presented  a  method  for  analyti¬ 
cally  calculating  trajectories  of  single, 
relativistic  electrons  in  the  time-dependent 
electromagnetic  fields  of  diodes  of  non- 
planar  geometry.  The  method  was  used  to 
calculate  electron  trajectories  in  fields 
resembling  those  in  the  diode  of  the  DNA 
BLACKJACK  S  electron  generator.  The  calcula¬ 
tions  show  that  although  the  grad  B  drift 
causes  electrons  in  the  diode  gaps  to  drift 


towards  the  anode  surfaces,  only  chose  elec¬ 
trons  emitted  from  the  cathode  surface  at 
early  times  (before  about  the  peak  of  the 
voltage  waveform) ,  or  produced  near  the  anode 
at  later  times,  strike  the  anode  surface 
before  flaahover  of  the  diode  ends  the  pulse. 
Because  the  analytic  method  allows  rapid 
calculation  of  electron  trajectories,  we  can 
determine  the  volume  within  the  diode  gaps 
from  which  the  electrons  producing  given 
leakage  currents  must  be  coming.  Assuming 
that  single  particle  motion  adequately 
describes  the  electron  dynamics,  we  can  chan 
compare  observed  leakage  currents  with  the 
predictions  of  the  model.  Until  these  fur¬ 
ther  calculations  are  performed,  we  can  only 
conclude  that  grad  B  drift  may  be  responsible 
for  the  loss  or  some  magnetic  Insulation  in 
the  time -dependent  fields  of  diodes. 


TERAUATT  POWER  DIVISION  AND  COMBINATION  USING  SELF-HAG NETICALLY  INSULATED  TRANSMISSION  LINES* 

J.  T.  Crow  and  G.  D.  Peterson 

Sandla  National  Laboratorlaa,  Albuquerque ,  Nav  Maxlco  87185 


Abatraet 


Self-magnatlcally  lnaulatad  traosalaalon  llnaa  ara 
neceesary  for  tha  afflclant  transport  of  Cha  carawatt 
pulaaa  uaad  In  alaetron  and  ion  aeealaratora.  For  aoaa 
applications  it  la  dealrabla  to  dlvlda  ona  tranaaiaalon 
lina  Into  two,  or  to  coablna  outputa  of  two  or  aora 
llnaa  Into  ona,  by  aaan a  of  salf-aagnetlcally  lnaulatad 
convolute*. 


Taata  hava  baan  aade  on  a  coaxial-to-tirlaxial  con¬ 
volute  In  which  connacclona  batwean  negative  Inner  and 
outer  llnaa  ara  aada  by  plna  paaalng  through  ho lea  in 
tha  Intermediate  poaltlve  conductor.  Meaeuraaenta  In 
the  2  MV,  400  kA,  40  na  pulaa  Mlta  facility  Indicate 
virtually  100  percent  current  tranaport  through  tha 
convolute  and  tha  ability  to  vary  the  dlvialon  of 
currant  between  the  lnnar  and  outar  llnaa  of  tha  trlax 
by  choice  of  Inner  line  Impedance.  Thaae  maaauraoanta, 
and  raaulta  obtained  with  thla  convolute  connected  to 
the  Ion  diode  for  which  It  waa  daalgnad,  will  be 
praaentad. 

Fig.  1.  Coax-to-trlax  convolute. 


Introduction 


Tranaaiaalon  llnaa  which  uae  aelf-aagnetlc  lnaula- 
tlon  can  tranaport  high  voltage,  high  energy,  ahort 
duration  pulaaa  over  dlatancaa  of  aevaral  matara  with 
energy  propagation  efflclanclaa  greater  than  90  per¬ 
cent.1  In  thaaa  lines,  electrona  field-emitted  from 
tha  negative  aide  of  the  line  are  prevented  from 
reaching  the  poaltlva  alda  by  tha  magnetic  flald  of 
the  current  flow  In  tha  line.  Thaaa  electrona  hava  a 
net  velocity  parallel  to  the  energy  flow  along  tha 
tranamlaalon  line,  and  carry  a  significant  part  of  .the 
line  currant.  Stability  and  containment  of  thla  elec¬ 
tron  flow  la  ona  of  tha  major  coualderationa  In 
daalgnlng  a  low  loaa  magnetically  lnaulatad  line. 

Sandla  National  Laboratorlaa  Particle  Beam 
Accelerator  PBFA  I2  has  38  radially-converging, 
magnetically- Insulated,  triplate  lines.  Each  of  these 
lines  Incorporates  a  tapered  section  at  the  output 
which  changes  the  configuration  from  triplate  to 
coaxial.  Ona  Ion  diode1  proposed  for  PBFA  I  requires 
a  trlaxlal  feed,  so  that  the  power  appearing  at  the 
coaxial  outputs  of  the  lines  must  be  divided  Into 
trlaxlal  outputs.  Teats  of  a  coaxlal-to-trlaxial  con¬ 
volute  with  an  electron  beam  diode,  and  preliminary 
teats  with  the  Ion  diode  hava  been  very  encouraging. 

Coaxial  to  Trlaxlal  Convolute 


Physical  Description 

The  configuration  tested  la  shown  In  cross  section 
In  Fig.  1.  The  coaxial  feed  with  a  positive  centerline 
la  on  tha  left.  The  negative  outer  housing  Is  con¬ 
nected  to  the  center  rod  by  four  pins  (two  shown) 
passing  through  circular  holes  In  the  positive  line. 

A  planar  anode-cathode,  electron  beam  load  used  for 
testing  la  shown  on  tha  right.  Tha  load  Impedance  Is 
varied  by  adjusting  the  A-K  gap. 


•This  work  was  supported  by  the  0.3.  Dept,  of  Energy, 
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The  Impedance  of  the  coaxial  line  is  20  ft.  The 
dimensions  of  the  trlaxlal  section  were  chosen  so  that 
each  leg  has  a  constant  25  ft  Impedance.  In  later 
tests,  the  disaster  of  the  canter  rod  was  reduced  from 
1.84  cm  to  1.32  cm,  raising  the  Inner  line  Impedance  to 
45  ft  In  order  to  test  the  effect  on  current  division. 

Currant  measurements  In  tha  trlax  section  were 
aade  with  B-dot  loops  shown  schematically  In  Fig.  1. 
Other  currant  monitors  ware  located  along  the  trans¬ 
mission  line  so  that  current  transport  efficiency 
could  be  determined. 


Losses  In  this  design  could  arise  from  two 
sources.  One  was  the  abruptness  of  tha  transition 
which  might  cause  Instabilities  In  the  alaetron  flow.1 
The  other  was  that  consideration  of  the  magnetic  fields 
produced  by  tha  current  flows  In  the  trlax  sections  and 
down  tha  connecting  plna  show  that  there  Is  a  line  of 
sero  B  field  5  at  to  8  am  toward  tha  load  from  each 
pin  In  the  outer  half  of  tha  trlax  llna.  Zaro  magnetic 
field  Implies  a  loss  of  magnetic  Insulation  In  these 
regions.  In  addition,  tha  flald  gradients  on  either 
side  of  these  regions  are  such  that  electrons  would 
drift  from  the  negative  toward  the  positive  electrode.- 
The  losses  due  to  chase  effects  were  found  to  bo 
negligible. 


Testing  of  the  coax-to-trlax  convolute  has  been 
dona  on  tha  Sandla  Laboratories  Mite  facility,  and 
preliminary  testing  with  the  Ion  diode  has  bean  dona  on 
Hydramlte.  Each  of  these  accelerators  provides  40  ns 
pulsas  of  2  MV  and  400  kA  Into  a  magnetically  lnaulatad 
transmission  llna  that  la  essentially  Identical  to 
Chose  of  PBFA  I. 


Test  Results 


Figure  2  shows  tha  current  transport  efficiency 
obtained  In  shots  on  Mite  with  various  A-K  load  gape. 
The  measurement  accuracy  la  approximately  ♦  10  percent. 
Figure  3  shows  the  percentage  of  the  total  currant 
carried  by  the  outar  line  of  the  trlax.  The  currant 
transport  efficiency  Is  tha  total  current  amaaured  by 
the  B-dot  monitors  near  tha  load  divided  by  the  current 
measured  at  the  Mite  line  output. 
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fig.  2.  Currrent  transport  efficiency. 


Fig.  3.  Ratio  of  current  la  outer  half  of  trlax  lino 
to  total  currant. 


Tha  low  efficiency  of  ahota  6,  7  and  8  worn  cauaod 
by  a  combination  of  poor  currant  contactt  and  mlaallgn- 
nant.  Those  problesu  wars  eorractad  over  tha  next  fow 
ahota  with  a  return  to  osar  100  percent  current  trans¬ 
port.  Tha  losses  In  the  low  efficiency  shots  were 
located  primarily  near  tha  junctions  of  the  center  rod 
and  tha  connacting  pins,  as  evidenced  by  damage  to  tha 
positive  line  In  this  region. 

The  current  division  was  approxiaately  33/43  outer 
to  loner  (except  for  the  low  efficiency  shots)  with 
tha  1.84  cn  canter  rod.  Using  the  1.32  ca  center  rod 
(crosses  la  Figs.  2  end  3)  produced  current  divisions 
centering  on  83/33,  still  with  approxiaately  100  per¬ 
cent  currant  transport. 

Tha  lapadances  of  the  loads  tested  on  Hite  ware 
calculated  by  using  the  trensalsslon  l:ae  currant  with 
a  short  circuit  load  (Ijg) ,  the  current  Input  to  the 
convolute  dig),  end  the  load  currant  (1^)  In 


h  “  2o  (Isc  "  Wfh. 

where  Z  -  7.5  12  Is  the  geonetrlc  iapadsnea  of  the 
Mite  triplets  line.  Tha  load  lapadances  ranged  froa  a 
fraction  of  an  oha  to  2.9  12.  Since  the  matched  output 
Impedance  of  the  magnetically  Insulated  line  was 
0.63  Z  or  4.8  12,  tha  Mite  llna  was  underaatched  In 
these  tests. 

Using  calculated  load  lapadances  and  aeasurad  1^, 
the  values  of  IL2Z^  were  calculated  for  shots  with 
ZL  >  0.3  12  and  are  plotted  in  Fig.  4. 


Fig.  4.  Power  to  load  vs.  load  Impedance. 


Testlnx  on  Hydramite 

A  particularly  severe  test  of  a  salf-magnatleally 
Insulated  transition  Is  operation  Into  a  high  impedance 
load,  since  high  Impedance  Implies  little  currant  flow, 
low  magnetic  flald,  and  poor  magnetic  Insulation.  The 
Ion  dlodaJ  for  which  this  convolute  was  designed  has  an 
externally  applied  magnetic  field  which  retards  elec¬ 
tron  transport  across  tha  diode  A-K  gaps,  especially 
during  the  early  part  of  the  pulse. 

If  a  loss  region  la  established  In  tha  magneti¬ 
cally  Insulated  line  during  tha  early,  high  Impedance 
phase  of  a  pulse,  tha  loss  region  can  become  a  low 
Impedance  load  In  parallel  with  the  Ion  diode. 

Although  the  sero-B  regions  near  the  connecting  pins 
did  not  produce  loss  with  low  Impedance  loads,  they 
night  cause  losses  with  the  Ion  diode  because  of  the 
initial  high  Impedance  phase  on  the  latter  experiment. 

While  the  results  are  preliminary,  since  testing 
Is  not  complete,  to  date  there  has  been  negligible 
loss  In  the  coax-trlax  convolute  In  operation  with  the 
Ion  diode. 

Combination  of  Power  Flows 

Separation  of  a  coaxial  magnetically  Insulated 
llna  Into  a  trlexlal  pair  using  a  pin-hole  convolute 
has  been  successful,  and  It  Is  reasonable  to  expect 
that  power  combination  using  tha  same  technique  would 
also  work  well.  A  design  Is  being  developed  for 
tasting  In  the  near  future  on  the  Froto  II  facility  at 


220 


Sandla  Laboratories  la  which  a  triple  disk  feed  la  con¬ 
voluted  Into  a  double  disk  line  using  pins  passing 
though  holas  In  the  positive  center  plated  The 
magnetic  zeroes  and  adverse  gradients  will  be  similar 
In  location  and  magnitude  to  the  tested  coax-trlax 
convolute  and  should  have  negligible  loss  In  the  pro¬ 
posed  configuration. 

Conclusions 

A  coaxial-to-trlaxlal  pin-hole  magnetically 
Insulated  convolute  has  been  tested  and  found  capable 
of  operating  with  negligible  loss  with  electron  beam 
diode  loads  of  zero  to  3  SI. 

The  convolute  has  been  tested  with  an  Ion  diode 
load,  and  preliminary  data  Indicate  negligible  loss. 

The  pin-hole  convolute  coacept  appears  applicable  to 
power  combination  as  well  as  division. 

Experiments  with  magnetically  Insulated  transmis¬ 
sion  lines  have  been  essentially  one  dimensional  con¬ 
figurations.  The  tests  of  the  coax-trlax  convolute, 
which  have  been  successful  In  spite  of  potential  loss 
mechanisms  Inherent  In  the  three-dimensional  transi¬ 
tion,  indicate  that  conslderabla  latitude  may  exist  in 
designing  magnetically  Insulated  devices. 
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SIMULATION  OF  POWER  FLOW  IN  MAGNETICALLY  INSULATED 
CONVOLUTES  FOR  PULSED  MODULAR  ACCELERATORS* 

D.  B.  Seidel,  B.  C.  Goplen.t  and  J.  P.  VenDevender 
Sandia  National  Laboratorlaa 
Albuquerque,  New  M exleo  87185 


Racant  advances  In  Cha  technology  of  magnetic  in- 
aulatlon  have  lad  to  tha  daatgs  of  a  now  clast  of  high 
power  nodular  acealaratora  such  at  PBFA  I  which  la  near- 
lng  completion  at  Sandia  National  Laboratory.  In  this 
accelerator,  powar  la  fed  Inward  along  36  radially  con¬ 
verging,  magnetically  Insulated  trantalsalon  line  (MITL) 
module*.  In  naqy  applications,  these  36  nodules  oust 
be  recombined  Into  a  central  magnetically  Insulated  con¬ 
volute.  This  recombination  can  have  a  significant 
effect  upon  magnetic  insulation,  priaarlly  due  to  the 
Inevitable  lack  of  slnultanalty  between  power  pulses 
In  the  16  MITL  nodules. 

In  this  paper,  two  distinct  sinulatlon  approaches 
for  magnetic  Insulation  are  developed  which  can  be  used 
to  address  the  question  of  nonainultanalty.  First,  a 
two-dimensional  nodal  for  a  two— nodule  systsn  Is  sinu- 
lated  using  a  fully  alsctronagnetic,  two— dimensional, 
tine-dependant  particle  code.  Nett,  a  nonlinear  aqui- 
valent  circuit  approach  Is  used  to  conpare  with  tha 
direct  sinulatlon  for  tha  two  nodule  case.  The  latter 
approach  Is  then  extended  to  a  more  Interesting  three- 
dimensional  geometry  with  several  MITL  nodules. 

Tha  equivalent  circuit  approach  relies  upon 
several  assumptions ,  and  the  validity  of  these  assump¬ 
tions  Is  difficult  to  gauge.  However,  It  la  easily  ex¬ 
tended  to  nany  three-dimensional  gaonatrlas  of  interest 
for  which  the  particle  code  Is  Impractical.  Thus,  the 
comparison  of  the  two  techniques  on  the  two-dlaansional 
nodal  Is  very  useful  as  a  aaaaure  of  the  validity  of  the 
nore  flexible  equivalent  circuit  approach.  In  fact,  it 
is  found  that  tha  slnulatlons  are  In  very  good  agree¬ 
ment,  and  consequently  our  confidence  In  equivalent 
circuit  approaches  Is  significantly  Increased. 

The  slnulatlons  performed  to  date  show  that  non- 
sinultanelty  In  pulse  arrival  tine  does  somewhat  de¬ 
grade  accelerator  performance.  However,  In  no  case  has 
this  effect  been  shown  to  be  catastrophic. 

Introduction 

Several  aodels  have  been  developed  for  the  treat- 
nant  of  salf-negnatlcally  Insulated  transmission 
lines.  Analytic,  one-dlnsnaloaal  nodsls  have  been  ob¬ 
tained  which  nodal  steady-state  Insulated  flow1-4  end 
the  transition  region  between  space-charge  limited  leak¬ 
age  fron  cathode  to  anode  and  insulated  flow. 

When  tha  pulse  length  Is  short  relative  to  the 
transmission  line’s  length,  it  becomes  Important  to 
consider  a  tine  dependent  analysis.  Toward  this  end, 
an  equivalent  circuit  approach  has  been  developed6  for 
a  long  coaxial  line  with  axlnuthal  syvetry.  The  tech¬ 
nique  uses  nonlinear  conductance  to  model  leakage  be¬ 
tween  cathode  and  anode.  For  the  lame  uniform,  coaxial 
geometry,  a  self-consistent  solution  has  been  obtained 
using  a  two-dlaansional  tine- dependent  particle  code.7 
Norn  recently,  the  equivalent  circuit  approach  has 
been  extended  to  treat  three-dlaenalonal  transmission 
line  structures*  (that  Is,  the  line  Is  no  longer 
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coaxial  or  one-dime oslonal  planar  and  can  ba  driven  In 
a  nonuniform  or  nonslmultaneous  manner).  Although  the 
equivalent  circuit  approach  Is  not  strictly  valid  at 
relativistic  voltages,6  it  has  besn  shown  to  compare 
very  well  to  the  self-consistent  solution  for  the  case 
of  a  uniform  coaxial  line.6*7  A  similar  comparison 
will  be  nada  in  this  paper  for  a  much  nore  general 
nonunlfora  transmission  line  structure. 


Sinulatlon  Models 
Partlcla-in-Call  Code 

A  particle-in-cell  (PIC)  computer  code  can  be 
applied  to  treat  the  electron  flow  In  a  MITL,  Hare, 
we  have  used  an  extensively  modified  version9  of  tha 
MAD2’-®  computer  code.  This  code  contains  a  fully 
dynamic  solution  of  Maxwell's  equations  in  two  dimen¬ 
sions  and  ralatlvlstlc  three-dimensional  particle 
kinematics  with  the  full  Lorantz  force. 

To  solve  Maxwell's  equations,  the  volume  of  In¬ 
terest  is  divided  Into  discrete  cells,  and  two  elec¬ 
tric  and  one  magnetic  field  components  are  associated 
with  each  cell.  Discrete  particles  ere  uaed  to  simu¬ 
late  the  electron  flow  and  provide  a  self-consistent 
source  for  the  field  solution.  The  relativistic  equa¬ 
tions  of  motion  are  solved  for  each  particle  In  the 
electromagnetic  field.  In  turn,  the  particle  notion 
provides  a  current  density  source  for  the  solution  of 
tha  electronagnetlc  field.  Numerically,  the  formalism 
Is  tine-reversible  and  for  uniform  spatial  grlddlng, 

It  Is  accurate  to  second  order  In  tine  and  spatial  step 
size.  Particles  are  Introduced  to  the  syataa  by  emis¬ 
sion  fron  the  cathode  surface.  The  charge  of  each  par¬ 
ticle  Is  determined  by  assualng  space-charge-llnited 
emission  and  enforcing  Gauss'  Law  for  cells  lnmedlately 
adjacent  to  the  cathode.  Similarly,  particles  encoun¬ 
tering  natal  boundaries  are  removed  fron  the  system. 

Equivalent  Circuit  Model 

An  equivalent  circuit  (EC)  nodal6'*  has  also  been 
applied  to  the  MITL  problem.  Although  this  technique 
certainly  requires  nore  assuaptlons  and  approximations 
than  tha  self-consistent  PIC  coda,  its  merit  lies  In 
its  relatively  low  computational  coat  end  Its  extenda- 
blllty  to  nore  complex  structures  (e.g. ,  three-dimen¬ 
sional  structures). 

Slnply  stated,  this  approach  considers  only  TEM 
(principle-mode)  propagation  and  consequently  tha 
field  distribution  between  tha  cathode  and  anode  Is 
dstsrmlned  by  the  corresponding  electrostatic  and 
nagnetoatatle  fields.  It  la  further  essuned  chat 
tha  A-K  (anode-cathode)  gap  is  slowly-varying  along 
the  transmission  Una  (l.e. ,  slowly  varying  relative 
to  tha  gap  length  and  the  electron  gyroradlus;  for 
nagnatle  Insulation,  these  two  lengths  will  ba  compar- 
able).  Consequently,  the  statle  fields  can  be  aesunad 
to  be  locally  one-dlnenslonal. 

With  those  assuaptlons,  Maxwell's  equations  are 
Integrated  across  the  A-K  gap  snd  than  differenced 
In  the  remaining  two  dimensions.  The  equations  for 
each  call  of  tha  resulting  two-dimensional  nesh  can  be 
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Identified  ti  Kirchoff'a  voltage  and  currant  aquations 
for  tha  circuit  shown  in  Fig.  1.  V,  Ix,  and  I„  are 
the  line  voltage  and  orthogonal  coaponenta  of  the  line 
current,  respectively.  Line  indue tancee  and  capaci¬ 
tance  L  ,  L  ,  and  C  are  dependent  only  upon  line  geom¬ 
etry  and  are  defined  by  the  comparison  of  Kirchoff'a 
equation*  and  the  integrated,  differenced  Harwell'* 
equation*. 


Fig.  1.  Equivalent  circuit  repreaentatlon  of  one  trans¬ 
mission  line  call. 


The  conductance  G  repreaenta  the  electron 
leakage  current  between  the  plate*  of  the  HITL.  Thia 
electron  current  (and  hence  G)  will  vary  nonlinaarly 
with  both  voltage  and  eagnctic  field  (line  current). 
Hera,  w*  take  G  to  have  the  fora 

g  -  ?cl  HtOOr<l,lc)vi/2 

where  Pol  1*  the  perveanca  for  space-charge-limited11 
electron  flow  in  the  abaence  of  a  magnetic  field,  Hr  is 
the  relatlvletlc  correction  factor,  2  Y  ■  1  +  eV/oc2 
and  r  1*  a  function  which  varlaa  froa  1  to  0  aa  tha 
current  la  Increaaed  froa  0  to  aoaa  critical  current  lc 
for  which  the  line  will  completely  aelf-inaulate.  Note 
that  Pcl  for  each  cell  la  dependent  only  upon  the  trana- 
alaalon  line  geometry  in  that  cell.  Tha  ahape  of  the 
weighting  function  f ia  taken  from  Kef.  5.  The  value 
of  Ic  1.  voltage  dependent  and  1*  found  ualng  a  satur- 
atad  parapotantlal  model  below  .823  MV  and  an  unsatur- 
atad  boundary  current  modal  above  .823  MV  vhlch  haa 
been  ahown^  to  be  in  excellent  agreement  with  aaaaured 
value*  of  the  critics  current  required  for  magnetic 
lnaulatlon. 

Once  the  inductance*,  capacitance,  and  perveanca 
for  each  call  are  determined,  the  reaultlng  circuit 
for  the  maah  of  cell*  can  be  analyaed  ualng  the  circuit 
analyal*  cod*  SCKPT1E. 

Simulation  Kaault* 

Perhapa  the  aimplaat  caae  of  a  multi-module  trana- 
mlaalon  ayetem  la  the  two-module  ayatem  conalat .ng  of  a 
length  of  tranamlaalon  line  which  1*  excited  at  each 
and  and  haa  a  load  aomewhere  in  between.  The  apaclfle 
example  we  conalder  hare  la  the  coaxial  ayatem  ahown 
In  Fig.  2.  The  outer  radlu*  (rt)  varlee  along  tha  line 
to  follow  the  impedance  variation  of  a  a ingle  FBFA 
MITL.  The  central  region  (where  ra  *  8.4  cm)  la  the 
location  of  an  externally  magnetically  lnaulatad  ion 
diode.  The  atructura  ta  axially  ayametrlc  about  the 


center  of  the  diode  region.  The  atructure  ia  excited 
by  two  power  pulaea,  one  froa  each  end.  By  delaying 
on*  pula*  in  time,  nonalmultanelty  effect*  can  be 
alnulated. 


Fig.  2.  Coaxial  geometry  for  two-module  convolute 


slmulatlona.  (Length*  are  in  centimeter*.) 


With  the  exception  of  the  diode  region,  the 
particle  field  interaction*  in  the  PIC  almulatlon  are 
modeled  aelf-conalatently.  In  the  diode  region,  it  la 
aaaumed  that  a  large  externally  applied  magnetic  field 
conflnea  the  electron  aheath  very  near  the  cathode; 
conaequently,  the  almulatlon  almply  auppreaae*  electron 
emlsaion  over  thia  portion  of  the  cathode.  It  la  fur¬ 
ther  aaaumed  that  a  apace-charged-llmlted  ion  current 
flow*  froa  anode  to  cathode  in  the  gap.  Thia  current 
denalty,  computed  at  each  time  atep  of  the  almulatlon 
from  the  AK  gap  apaclng  and  voltage,  la  then  Included 
aa  an  lmpreaaed  current  source  In  the  field  aolutlon 
algorithm.  This  method  should  be  adequate  since  the 
ions  are  not  relativistic  and  their  trajectories  will 
not  be  significantly  deflected  by  the  magnetic  field. 

In  tha  results  that  follow,  tha  lines  will  be 
driven  by  a  trapezoidal  voltage  puls*  with  a  peak 
voltage  of  2.4  MV,  rise  and  fall  times  of  1  ns  and 
10  ns,  respectively,  end  a  total  pulse  length  of  40  ns. 
The  Input  to  the  line  at  the  right  la  delayed  In 
time  3  ns. 

Fig.  3  shows  plots  of  particle  motion  over  on* 
time  step  (dt  -  2.5  ps)  of  the  PIC  almulatlon,  at  4  ns 
snd  7  ns  into  the  simulation.  In  Fig.  3a,  we  see  that 
tha  pulses  are  propagating  down  the  lines  with  a  lossy 
front.  Behind  this  front,  the  line  la  seen  to  Insulate, 
and  an  electron  sheath  1*  formed  above  the  cathode.  At 
7  ns  into  the  simulation  (Fig.  3b)  the  two  wav*  front* 
meat  to  the  right  of  the  diode  region,  aa  evidenced  by 
the  substantial  leakage  current  at  that  point.  In 
addition,  on  the  left-hand  side,  we  see  evidence  of 
particles  with  nonzero  canonical  momentum  (see  Kef.  4), 
These  particles  undergo  a  change  in  canonical  momentum 
as  they  enter  the  tapered  transition  (since  0/0*  f  0), 
and  their  Inner  radial  turning  points  move  oft  tha 
catboda  surface.  This  results  In  a  aheath  of  trapped 
particle,  which  do  not  encounter  either  electrode  for 
•eve  '*1  gyro-periods. 

An  example  of  the  time  history  of  the  leakage 
current  kr tween  electrode*  is  ahown  in  Figs.  4*  and  4b 
which  show  the  current  lost  to  tha  anode  in  regions  A 
and  B  (see  Fig.  2)  respectively.  For  the  PIC  code, 
this  current  is  computed  by  suaaing  all  the  charge 
destroyed  at  the  anode  of  each  region  over  1  ns  tlwi 
Intervals,  then  dividing  by  1  ns  to  obtain  tha  average 
current.  Also  shown  in  Fig.  4  are  comparable  result* 


(a) 


Fig  3.  Particle  notion  over  one  else  step  (s)  at 
t  “  4  ne;  (b)  at  t  •  7  n». 


71g*  4*  Electron  loan  currant  Iron  PIC  and  EC  a Inu¬ 
la  t  Iona  over  Region  A. 


fron  the  EC  solution  for  this  geometry.  In  Fig.  4a,  w* 
see  that  region  A  is  veil  Insulated,  except  for  the 
first  faw  nanoseconds  after  the  two  voltage  pulses 
oeet.  Note  that  the  agreeaent  between  solutions  la 
fairly  good,  with  tha  exception  that  the  velocity  of 
the  lossy  wavefront  is  slightly  slower  for  the  EC 
solution.  We  believe  that  this  minor  difference  is 
caused  by  a  slight  overestimate  of  the  early  tine 
leakage  current  In  the  EC  solution  which  Impedes  the 
propagation  of  the  wavefront. 


Fig.  4b.  Electron  loss  current  fron  PIC  and  EC  simu¬ 
lation*  over  Region  B. 


Fig.  4b  shove  a  slnllar  comparison  for  the  leak¬ 
age  current  over  region  B.  Here,  both  slatulatlons 
predict  a  leakage  which  peralets  for  several  nano¬ 
seconds  above  100  kA.  This  leakage  occurs  primarily 
in  the  vicinity  of  the  transition  between  the  uni¬ 
form  and  taperad  portions  of  the  line.  The  ocllla- 
tory  nature  of  the  EC  simulation  Is  due  to  the  nature 
of  the  model.  Each  equivalent  circuit  cell  has  an 
assoclatad  resonance,  or,  thought  of  In  a  different 
way,  these  are  high  frequency  effects  associated  with 
the  finite  mesh  size. 

Obviously,  the  quasl-TEM  assumptions  of  the  equi¬ 
valent  circuit  approach  are  severely  taxed  by  the  an¬ 
nular  shank  of  the  diods  between  r  •  8.4  cm  and  r  ■ 

10.7  cm.  In  the  PIC  simulation,  substantial  leakage 
current  flows  to  this  shank.  The  EC  modal  has  no  mech¬ 
anism  to  treat  this  electron  current.  Consequently, 
on*  can  think  of  the  total  diode  current  for  the  PIC 
simulation  as  the  sum  of  the  Ion  current  and  this  leak¬ 
age  to  tha  shank.  Pig.  3  shows  a  plot  of  tha  diode 
current.  The  PIC  Ion  currant  Is  somewhat  lower  than 
tha  EC  dloda  currant,  wharaas  tha  PIC  total  current  Is 
almost  tha  same  a*  the  EC  dloda  currant  (except,  again, 
a  slightly  slower  wavefront  velocity  is  seen  for  the 
EC  solution).  This  is  not  at  all  surprising,  since 
tha  ifitn  should  try  to  oparata  at  some  self-limiting 
current,  and  consequently  the  total  load  currant 
In  both  simulations  should  be  that  self-limiting  cur¬ 
rant. 


Fig.  5,  Ion  diod«  currant  from  PIC  and  EC  simula¬ 
tion*. 


In  ordar  to  gauga  tha  affacta  of  tha  nonslmul- 
taneity  on  tha  afflclancy  of  anargy  transport  an  this 
"two-modulo  convoluta”  structure,  tha  simulations  wars 
also  parformad  for  othar  daisy  timas  (Including  zaro) 
batwaan  tha  two  Input  pulsas.  It  was  found  that  out 
of  S3  KJ  aval labia  to  a  mat chad  load  of  7.1  ohms,  19 
and  37  KJ  wara  dallvarad  to  tha  dloda  for  0  and  3  ns 
daisy  tlaas,  raspactlvaly.  In  this  cans,  tha  problam 
of  slmultanalty  would  appaar  to  ba  aacondary  to  that 
of  matching  tha  aachlna  to  tha  convoluta  and  dloda. 

Three-Dimensional  EC  Simulation  Kasults 

Encouraged  by  tha  ovarall  agraenant  of  tha  two- 
dimanslonal  PIC  and  EC  simulations,  wa  hava  axtandad 
tha  EC  simulations  to  mora  ralavant  thrae-dlmanslonal 
problams.  Km  an  example,  wa  show  hara  tha  rasults  of 
a  6 -modulo  convoluta  modal  for  tha  FBFA  I  accalarator 
with  an  externally  nagnatlcally  insulatad  radial  Ion 
dloda.  This  structura  Is  shown  sehamatlcally  In 
Fig.  6. 

Six  lndapandant  radially  convarglng  MITL  ara  con - 
aactad  to  a  cantral  disc  trlplata  convoluta  structura 
at  SO  cm  radius.  This  convoluta,  which  has  a  uniform 
alactroda  spacing  of  3.S  n,  faads  tha  dloda  at  20  cm 
radius.  For  simulation  purposas,  tha  last  80  cm  of 
aach  of  tha  six  MITL  ara  modalad  using  2  EC  calls,  and 
tha  convoluta  Is  dlvldad  Into  IS  EC  calls  (saa  Fig.  6). 
Tha  Ion  dloda  is  assumed  to  have  spaca-charga-llmltad 
Ion  flow,  l.a. ,  I  «  ,  and  the  proportionality  con¬ 

stant  la  chossn  such  chat  tha  dloda  impedance  Is  match¬ 
ed  to  tha  self-limited  Impedance  at  a  dloda  voltage  of 
2  MV. 

Fig.  7a  plots  energy  lost  to  leakage  In  the  MITL* 
and  convoluta,  tha  anargy  delivered  to  the  ion  diode, 
and  the  anargy  available  to  a  matched  load  whan  all  six 


Fig.  6.  Top  view  of  6-llna  PBPA  I  modal. 


Fig.  7a.  Distribution  of  available  energy  for  simul¬ 
taneously  driven  FIFA  I  model. 
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MITL's  era  sin ultaneoualy  pulsed.  Fig.  7b  ahowa  a 
aioilar  coaparlaon  for  a  nonaloultanaoua  excitation 
for  which  the  pula*  delay  tinea  for  the  alx  llnea  are 
the  expected  valuaa  of  a  noraal  dlatrlbution  with  a 
atandard  deviation  of  3  na  (flrat-to-laet  delay  of 
7.6  na). ^  Theae  expected  valuea  were  then  randomly 
distributed  anong  the  alx  llnea.  We  aee  that  71  and 
34  percent  of  the  available  energy  la  delivered  to 
the  load  for  the  alaultaneoua  and  nonainultaneoua 
alnulatlona,  reepectively.  Correapondlogly,  21  and 
32  percent  of  the  available  energy  ie  loat  to  electron 
leakage  in  the  MITLa  and  convolute.  Ae  can  be  teen 
fron  the  diode  current  in  Fig.  8,  this  loaa  of  energy 
efficiency  ia  due  primarily  to  the  early  time  loaa  of 
current. 


Time  (ns) 


Fig.  7b.  Dlatrlbution  of  available  energy  for  non- 
almultaneoualy  driven  PBFA  I  model. 


In  addition  to  the  examples  presented  here,  the 
three-dimensional  EC  approach  has  alao  been  used  to 
model  a  plasma-filled  ion  diode  (AMFFION)1®  on  the 
PBFA  I  accelerator  and  for  z-plnchaa  on  the  PROTO  II 
accelerator.  In  fact,  for  each  of  these  alnulatlona, 
the  effects  of  nonsinultanalty  ware  even  lest  signifi¬ 
cant  than  for  the  radial  ion  diode  presented  here, 
probably  due  to  the  low  aarlv-tlme  Impedance  of  the 
load  for  each  of  these  other  cases. 


Cone lua Iona 

Two  techniques  have  been  developed  which  treat 
time-dependent  magnetic  insulation  in  complex  struc¬ 
tures.  Results  obtained  using  partlcla-ln-cell  (PIC) 
and  equivalent  circuit  (EC)  simulation  techniques 
have  been  compared  for  a  relatively  complex  two- 
dimensional  transmission  structure.  Based  upon  the 
agreesMnt  between  these  two  methods,  the  EC  approach 
has  bean  extended  with  a  fair  degree  of  confidence 
to  three-dimensional  structures. 

Results  using  both  simulation  techniques  in  two 
and  three  dimensions  indicate  that  while  nonslmultan- 
elty  in  modular  accelerators  does  have  a  detrimental 
affect  upon  the  efficiency  of  the  accelerator,  this 
effect  is  certainly  not  catastrophic  in  any  of  the  ex¬ 
amples  that  we  have  considered  to  date. 
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Abstract 

Quartz  gauges  have  been  used  on  the  Sandia 
National  Labortorles  Proto  II  accelerator  co  measure 
current  In  the  magnetically  Insulated  transmission  line 
at  the  11  TV  power  level*  The  accelerator  delivers 
3.5  MA  st  2  x  101*  A/s  In  a  40  ns  pulse  to  a  0.0127  a 
disaster  alualnua  liner  co  produce  a  high  density 
plasaa.  At  this  radius  and  dl/dc  levels,  the  B-dot 
monitors  no  longer  Function  for  the  aeasureaent  of 
load  current  because  the  aonitor  suffers  electrical 
breakdown.  Quartz  pressure  gauges  aounted  at  a  radius 
of  0.0086  a  have  sucessfully  aeasurad  Che  aagnetlc 
pressure  due  to  the  load  current  with  nanosecond 
temporal  resolution. 

The  quartz  gauge  Is  aounted  5  x  I0“4  a  under  the 
electrode  surface  and  hence  the  current  carrying  sur¬ 
face  Is  not  perturbed  by  Che  gauge  itself.  The 
surface  aaterlal  Is  chosen  so  chat  Its  yield  strength 
Is  greater  chan  the  pressure  exerted  by  Che  aagnetlc 
field.  Bence,  the  pressure  pulse  Is  not  affected  by 
the  material  properties  of  the  wall  as  lc  propagatas 
to  the  quartz  gauge.  For  this  case,  only  the  piezo¬ 
electric  and  aaterlal  properties  of  the  quartz  are 
needed  to  infer  pressure  froa  the  gauge  output.  The 
currenc  output  In  aaperes  froa  the  quartz  gauge  Is 
given  In  terms  of  the  stress-?  In  Pascals,  transit 
tlae  through  the  gauge— t  in  seconds  and  the  gauge 
area-A  In  mZ  by  the  equation1 

I  -  (2. 011  x  10-12  l.l  x  10-22  a)  aA/to. 

Measurements  can  be  extended  to  Current  and  pressure 
levels  where  Che  yield  strength  of  the  wall  aaterlal 
Is  exceeded,  but  the  analysis  of  Che  gauge  signal  is 
nore  coaplicatad.  Gauge  design  requlraaants  and 
experlaencal  results  will  be  discussed. 

Introduction 


rQ=  5.0om 
I  Ar=0.2cm 


Fig.  1.  A  typical  grooved  B-dot  current  measuring  con¬ 
figuration. 


where  Ar  is  the  width  and  L  Is  the  Inductance  of  the 
groove.  The  inductance  of8the  groove  Is  given  by 

Lg  *  2  x  10~7  d  In  (1  +  Ar/r)  (2) 

where  d  Is  the  depth  of  the  groove  and  r  Is  Its  radial 
position.  By  expanding  the  log  term  to  first  order 
with  Ar  «  r  we  have 

Lg  -  2  x  10“7  d  Ar/r  (3) 

Substituting  this  Into  (1),  we  find 

E  -  -  X-|°  ■  d  dl/dt  (4) 

Hence,  with  the  criterion  that  t  (2  x  10®  V/a  we  have 


The  Proto  II  accelerator,  at  Sandia  National 
Laboratories,  delivers  a  power  of  11  TV  and  a  current 
rata  of  change  of  dl/dt  of  4  x  1014  A/s.  The  power 
flows  down  a  self-magnetically  insulated  transalaslon 
line  to  a  1.2  x  10~z  a  diameter  alualnua  liner  on 
Che  axis  of  the  accelerator.  This  liner  produces  a 
high  density  plasaa.  The  race  of  change  In  the 
aagnetlc  Induction  at  the  surface  of  the  liner  Is 
dB/dt  ■  6  x  10’  T/s.  At  this  level  of  dl/dt 
aeasureaants  of  current  In  the  magnetically  Insulated 
transalaslon  line  can  not  be  aade  using  conventional 
B-dot  techniques.  Figure  1  shows  a  conventional  aethod 
of  using  e  ’grooved  B-dot*  for  aeasuring  current.  A 
50  12  coaxial  cable  aeasures  the  voltage  across  the 
groove  Induced  by  the  changing  aegnatlc  flux  within 
the  groove.  Ve  have  found  that  at  2  MV/a  the  current 
no  longer  flows  along  the  surface  of  the  groove  but 
bridges  the  gap  and  causes  not  only  loss  of  the  elec¬ 
trical  signal  In  the  50  12  cable  but  the  breakdown  of 
the  aagnatleally  Insulated  transmission  line.  The 
breakdown  level  was  determined  by  varying  tha  groove 
dimension  and  radial  position  and  observing  when  the 
signal  was  lost.  Tha  electric  field  across  tha  groove 
is  given  by 


(5) 


To  aeasure  the  current  at  r  *  10  a,  which  Is  close 
to  the  load  of  the  aagnatleally  Insulated  traaeaisslon 
line,  the  depth  of  the  groove  for  a  dl/dt  of  , 

2  x  1014  A/s  would  have  to  be  less  than  5  x  10~*  a. 
Hence,  the  difficulty  of  this  type  of  current  measure¬ 
ment  Is  spparent.  At  slightly  higher  dl/dt' s  these 
grooves  cause  breakdown  within  tha  magnetically 
Insulated  transmission  lines.,  Va  have  also  determined 
experimentally  that  3.2  x  10”’  a  diameter  holes  In 
tha  transmission  line  containing  Individual  B-dot 
loops  lead  to  magnetic  Insulation  breakdown. 

Magnetic  Pressure  Measurement 

A  measurement  technique  Is  needed  which  monitors 
the  current  In  the  transalaslon  line  and  which  does 
not  perturb  the  conductor's  front  surface.  The  current 
flowing  In  a  radia’  ansaisslon  line  has  an  associated 
mechanical  pressure 

P  -  l2nfl0  -  fV  (6) 


_______  A  quartz  pressure  gauge,  if  placed  behind  the  electrode 

♦■fills  work  was  supported  by  the  U.S.  Dept,  of  Energy,  surface  of  the  transmission  llaa,  can  directly  aonitor 
under  Contract  DE-AC0A-76-OPOO789.  this  pressure.  This  configuration,  shown  In  Fig.  2, 
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fig.  2.  The  configuration  for  measuring  the  magnetic 
preeaure  due  to  the  currant  flow. 


allows  the  front  surface  of  the  transaission  line  con¬ 
ductor  to  be  completely  free  of  perturbations  provided 
the  gauge  is  a  few  times  deeper  that  Che  electrical 
skin  depth. 

Shock  pressure  measurement  in  materials  is  an 
extensively  documented  technology.2  A  typical  pressure 
measurement  assembly,  shown  in  fig.  3,  consists  of  a 
circular  piezoelectric  quartz  disk  bonded  to  a  section 
of  metal.  The  single  crystal  quarts  is  gold  plated  on 
opposing  flat  surfaces.  The  top  surface  has  two 
separate  electrodes.  The  inner  electrode  collects 
charge  from  an  area  designed  to  see  a  one  dimensional 
stress  wave  and  connects  to  a  SO  ohm  coax  cable  for 
instrumentation.  The  outer  electrode  forma  a  guard 
ring  and  la  electrically  loaded  to  pass  the  same  cur¬ 
rent  per-unit  area  as  the  center  electrode  (Fig.  3). 
This  electrode  is  needed  to  minimize  edge  effects  due 
to  the  finite  gauge  size. 


Fig.  3.  The  quartz  gauge  pressure  measurement 
assembly. 

When  a  plane  pressure  wave  Is  appllsd  to  the  front 
surface  of  the  piezoelectric  quartz  element,  a  current 
I  immediately  flows  la  to  the  load  resistors  according 
to  che  equation1' 

Ig  -  (2.01  x  10-“  ♦  1.1  x  l0-«  <T)  <TA/c0  (7) 


Where  t0  is  the  transit  claw  of  the  pressure  wave 
through  the  gauge  la  seconds,  A  Is  the  arse  In  square 
meters,  <7  Is  the  pressure  In  Pascals  and  1.  la  the 
gauge  currant  In  amperes.  The  current  continues  to 
flow  until  the  pressure  wave  reaches  the  back  surface 
of  the  gauge.  This  equation  la  valid  for  pressures  up 
to  3.0  x  10°  Pascals.  The  pressure  wave  travels  at  a 


velocity  of  5.7  x  103  m/s.  Hence  the  useful  recording 
time  of  the  gauge  is  the  gauge  thickness  divided  by 
this  velocity.  During  this  transit  time  of  the  pres¬ 
sure  wave  through  the  gauge  Che  output  current  of  the 
gauge  follows  the  Input  pressure  with  a  nanosecond 
response  time.  Ac  the  same  time  that  the  pressure  wave 
propagates  through  the  quartz,  a  relief  wave  propagates 
Inward  at  a  45*  angle  from  the  edge  of  the  gauge.  The 
portion  of  the  gauge  affected  by  the  relief  wave  la 
covered  by  the  guard  ring,  and  hence  the  relief  wave  is 
not  seen  by  the  Instrumented  electrode. 

The  sensitivity  of  the  gauge  can  be  controlled  by 
changing  of  the  material  stack  impedance  In  front  of 
the  gauge.  The  pressure  Pq  In  the  quartz  gauge  behind 
the  metal  surface  is  related  to  the  pressure  PM  In 
che  metal,  and  the  shock  impedances  of  the  quartz  and 
metal  Zq  and  Zjj,  respectively,  by 

PQ  -  (2ZQPM)/(Zp  ♦  Z*)  (8) 

By  using  metals  with  a  higher  yield  strength  than  the 
applied  pressure,  this  measurement  technique  can  be 
extended  to  higher  pressures  without  resorting  to  e 
more  complicated  enalysls  than  that  given  by 
equation  l. 

Cauae  Mounting  Considerations 

Since  the  quartz  gauge  requires  a  uniform  pressure 
pulse  to  be  incident  on  its  front  surface,  the  mechani¬ 
cal  tolerances  of  the  surface  finish  and  thickness  are 
very  important.  At  a  material  velocity  of  6  x  Hr  m/a 
a  difference  of  material  thickness  In  front  of  the 
gauge  of  2.54  x  I0"5  a  corresponds  to  a  difference 
in  arrival  time  of  4  x  10"9  seconds.  When  one  Is 
trying  to  resolve  currant  rlsetlmes  on  the  nanosecond 
time  scales,  mechanical  tolerances  are  obviously  very 
Important.  Hence  the  quartz  gaugas  are  mounted  on  flat 
surfaces  that  are  parallel  to  the  current  carrying  sur¬ 
face.  The  geometry  in  which  the  gauge  is  used  must 
allow  spatially  uniform  (5  percent)  pressure  over  che 
gauge  front.  Sauge  bonding  to  the  surface  la  usually 
done  with  pressure  cured  epoxy.  Surface  finishes  are 
typically  2.5  x  10"®  meters.  The  mounting  procedure 
should  not  perturb  the  flatness  of  the  surface. 

Another  concern  of  magnetically  insulated  transmission 
line  gauges  Is  that  the  anode  material  in  front  of  the 
gauge  has  to  be  sufficiently  thick  to  stop  electrons 
crossing  the  vacuum  gap.  If  these  electrons  penetrate 
into  che  gauge  a  signal  resembling  that  of  a  Faraday 
cup  will  be  obtained. 

Experimental  Results 

Initial  experiments  used  four  6.35  z  IQ"3  m  dia¬ 
meter  quartz  gauges  with  two  located  at  0.0254  m  radius 
and  two^ located  at  0.0508  a  radius.  These  gauges  are 
5  x  10”*  s  thick  which  allows  a  recording  time  of 
100  ns.  Figure  4  shows  the  gauge  outpuc  signals  as  a 
function  of  time  for  a  Proto  II  teat.  The  signals 
rise  to  peak  pressures  of  1.5  x  10®  Pascals  for  the 
gauges  at  0.0254  a  radius  and  a  pressure  of  5  x  107 
Pascals  for  the  gauges  at  0.0508  a  radius  In  20  ns. 

The  abrupt  signal  fall  occurs  at  the  end  of  the  geuge 
recording  time.  The  pressure  between  these  two  posi¬ 
tions  did  not  vary  as  r“2  and  indicates  that  current 
losses  occurred  between  these  two  positions.  The 
losses  were  verified  by  Faraday  cup  aeasuraents.  A 
comparison  between  the  current  measured  at  0.72  m 
using  B-dot  loops  to  the  current  measured  at  the 
0.0508  a  radius  is  shown  In  Fig.  5.  The  rise  times 
agrse  with  an  indicated  current  loss  at  peak  current 
between  these  two  positions. 
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Conclusions 

Quartz  gauges  hava  sucessfully  aaasured  Baguette 
pressure  due  to  a  large  load  curraac  at  a  email  radius* 
These  gauges  may  be  attached  to  a  current  carrying 
conductor  without  producing  electrode  surface  perturba¬ 
tions*  Care  In  design  of  the  electromechanical 
assembly  is  necessary,  but  using  quartz  gauges  Is  no 
more  difficult  chan  the  more  conventional  current 
measuring  technique.  The  gauge  has  nanosecond 
frequency  response.  This  technique  la  extendable  to 
higher  currant  by  using  hydrodynamic  codas  to  analyze 
the  pressures. 
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as 

Fig.  5.  A  comparison  between  the  quartz  gauge  signal 
and  the  B-dot  signal. 

a.  8-dot  located  at  r  «  0.72  m. 

b.  Quartz  gauge  located  at  r  •  5.08  x  10~2  m. 


A  quarts  gauge  was  mounted  to  measure  tha  current 
flowing  In  the  load  at  a  radius  of  8.35  x  10'^  a. 

This  quarts  gauge  had  a  diameter  of  2.8  x  10~J  m  and 
a  thickness  of  5  x  10'*  a.  The  experimental  results 
are  shown  io  Fig.  6.  A  peek  pressure  of  2.5  x  10* 
Pascals,  which  corresponds  to  a  currant  of  3.5  HA  in 
tha  load  was  measured.  The  quartz  gauge  current  wave¬ 
form  te  consistent  with  the  meaeured  liner  dynamics 
and  the  assembled  plasms  properties. 
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Summary 

Charging  regulator  circuita  of  the  "de-0"  type 
may  be  uaed  to  eliminate  PEN  voltage  fluctuation 
arialng  from  variationa  in  supply  voltage  and  residual 
voltage  on  the  PEN  after  the  pilae.  By  eloaing  a 
regulator  switch,  excess  energy  in  the  charging  choke 
is  diverted  into  a  dump.  In  the  system  described,  the 
diverted  power  is  returned  in  series  with  the  incom¬ 
ing  supply.  This  makes  possible  the  use  of  a 
thyristor  as  the  divertor  switch.  Such  a  system  is 
subject  to  errors  due  to  regulator  switch  delay  and 
to  the  effect  of  leakage  inductance  when  a  secondary 
winding  on  the  choke  is  employed.  Eor  high  precision 
such  errors  must  be  compensated.  This  means  that  a 
decision  to  close  the  regulator  switch  must  be  taken 
on  the  basis  of  a  prediction  of  the  voltage  which  will 
be  attained  when  charging  of  the  PEN  ceases.  The 
high-speed  arithmetic  operations  required  for  the 
prediction  are  quite  complicated  and  various  apsroxi- 
aatione  to  the  ideal  system  are  therefore  examined. 

A  small  circuit  addition  is  described  which  avoids 
the  conflict  of  factors  arising  in  the  choice  of  e  de 
dump  voltage  and  also  aliminatsa  dump  voltags  varia¬ 
tion  as  a  factor  in  the  prediction  problem. 


L  i 


Introduction 

Fluctuation  of  the  peek  charge  voltage  on  the 
pulse  forming  network  (PEN)  of  a  modulator  employing 
D.C.  resonant  charging  may  arise  from  HT  D.C.  supply 
voltage  fluctuations  and  also  from  variation  in  the 
residual  voltage  on  the  PEN  at  the  commencement  of 
charging.  The  latter  may  arias  from  instability  of 
the  point  at  which  the  modulator  switch  tuba  ceasas 
to  conduct  tha  ringing  in  tha  discharge  circuit  after 
the  pulse.  One  way  to  stabilise  the  peak  charge 
voltage  of  the  PEN  which  can  cover  disturbances  from 
both  the  above  sources  is  to  terminate  tha  charging 
process  when  the  desired  PEN  voltage  has  been  attained; 
by  closing  an  auxiliary  switch,  tha  charging  current 
is  diverted  into  a  dump  (fig  1(a))  leaving  the  FEN 
isolated  by  a  reverse-biased  diode  (fig  1(b)).  Note 
the  definition  of  clip-angle  of  and  the  clipping  circuit 
conduction  angle  shown  in  fig  1(b).  (O  is  the 
angular  resonant  frequency  of  the  charging  choke  and 
the  FFN  capacitance.  The  auxiliary  switch  and  dump 
may  ba  coupled  to  tha  choke  by  maana  of  a  secondary 
winding,  an  arrangement  which  provides  electrical 
isolation  of  the  dump  circuit  and  allows  free  choice  of 
the  dump  circuit  voltage  but  at  tha  expense  of 


D 

TO  PFN 


Fig  1. 


(a)  Basic  Regulator  Circuit 


(b) 


Idealised  wavafo 
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introducing  leakage  inductance  into  the  circuit.  The 
effective  duop  voltage  (referred  to  the  choke  main 
winding)  may  be  tiae  dependent  but  must  always  be  lees 
chan  the  difference  between  the  desired  PFN  charge 
voltage  and  the  supply  voltage  in  order  to  keep  the 
diode  reverse  biassed  after  clipping  commences.  It 
should  be  large  enough  to  absorb  the  surplus  energy 
stored  in  the  charging  choke  before  the  modulator 
pulse  occurs,  since  otherwise  the  recovery  conditions 
for  the  modulator  switch  will  be  adversely  affected. 

A  wide  variety  of  circuits  is  possible,  the  main 
difference  being  associated  with  the  realisation  of 
the  dump.  In  this  paper  we  shall  be  concerned  with 
a  charging  regulator  for  a  high  average  power 
thyratren  modulator  with  a  peek  PFN  voltage  of  30  kV 
in  which  the  diverted  energy  is  returned  to  the  HT 
supply.  The  simplest  circuits  of  this  class  involve 
e  secondary  winding  on  the  choke.  The  recovered 
power  may  be  returned  in  parallel  with  the  incoming 
supply  (fig  2(a))  or  in  series  with  it  (fig  2(b)). 
Because  the  circuit  of  fig  2(a)  involves  voltagss 
greater  than  the  peak  PFN  voltage  both  within  the 
choke  end  across  tha  diverting  switch  (in  inverse), 
and  because  the  high  impedance  auxiliary  winding  on 
the  chektt  is  prone  to  a  severe  ringing  problem,  the 
circuit  of  fig  2(b)  was  chosen. 

A  drawback  of  this  circuit  is  that  an  increase  in 
the  incoming  supply  voltage  causes  increased  charge 
diversion  which  increases  voltage  on  tha  chimp  capaci¬ 
tor,  thus  adding  to  the  total  HT  supply  voltage.  A 
practicable  method  of  overcoming  this  self-defeating 
tendency  of  the  circuit  is  to  make  the  lump  capacitor 
(C  of  fig  2(b))  sufficiently  large  to  prevent  signifi¬ 
cant  changes  in  its  voltage  occurring  before  correct¬ 
ive  action  can  be  taken  elsewhere  in  the  circuit. 

For  instance,  in  an  PTI  radar  transmitter ,  where  some 
slow  drift  is  the  peak  charge  voltage  may  ba  allowable, 
the  target  FFN  voltage  may  be  slowly  modified  to  return 
the  mean  clip  angle  to  a  fixed  value.  Alternatively 
or  additionally,  the  incoming  HT  supply  voltage  may  be 
corrected  fairly  rapidly  by  means  of  a  phase- 
controlled  rectifier. 

Tha  design  constraints  inherent  in  the  circuit 
will  first  be  analysed.  This  will  be  followed  by  a 
discussion  of  errors  and  thair  compensation. 


(b) 

Pig.  2  Energy  recovery  circuits 

(a)  Parallel  (b)  Series 


Simplified  analysis  of  the  circuit 

Although  the  circuit  is  amsnsbls  to  accurate 
numerical  analysis  by  computar,  understanding  of  tha 
design  constraints  is  perhaps  most  rasdily  obtained 
from  an  approximate  algebraic  treatment.  Initially 
we  shall  neglsct  the  effects  of  Isakage  inductance  in 
the  choke,  thyristor  daisy,  residual  PFN  voltage, 
potential  divider  distortion  and  circuit  losses. 

’’’he  complete  supply  and  charging  circuit  is  shown  in 
fig  3.  (Tha  diode  D 2  is  only  involved  in  start-up). 

Average  clipping  angle 

During  charging  of  the  PFN  tha  instantaneous  FFN 
voltage  and  charging  current  are  given  by: - 


E(i  -  coa  wt) 

(1  ) 

vl  sinwt 

(2  ) 

(see  fig  1) 

Where  E  is  the  total  HT  voltage  which  la  equal  to  tha 
sum  of  the  supply  voltage  and  tha  voltage 
across  the  dump  capacitor. 

1  is  the  self  inductance  of  the  charging-choke 
main  winding 

w  is  tha  resonant  angular  frequency  of  L  with 
tha  capacitance  of  the  PTN. 

When  0  »  TF—  the  thyristor  is  fired  and 
charging  of  tha  PFN  caaaes,  leaving  it  at  a  voltage 
V  given  by:- 

V  >  E  (1  ♦  cossO  (  3 ) 

et  is  varied  so  as  to  keep  V  constant  in  spits  of 
variations  of  E. 

Tha  HT  voltage  E  will  be  assumed  constant  during  any 
on#  charging  cycle,  but  at  a  value  which  may  ba 
different  from  its  average  value  E,  .  Lett- 

E  *  E.  (1  ♦  6  )  (4) 

Where'S  may  take  positive  or  negative  values.  We 
shall  assume  that  the  absolute  value  of  £  to  be 
accommodated  during  normal  operation  does  not  exceed 
some  limit  £ 

Is \<e  (  5) 

Thus  we  are  for  simplicity  assuming  that  tha  average 
value  of  E  lies  mid-way  between  the  limits  within 
which  stabilisation  is  to  ba  provided.  In  order 
that  stabilise .ion  shall  ba  maintained  at  the  lowest 
extrsme  of  HT  voltage: - 

V£2  E.O  -  6) 

whence,  using  sqn.  3,  the  lowest  permissible  value  of 
the  clipping  angle  at  average  HT  voltage,  ,  is 
given  by:- 

V  .  2E.  (1  -  £)  ■  E.  (V  ♦  coa  vt#)  (6) 

Kence:- 

af^eos'1  (1  -  2€)  (7) 

Increasing  •<»  above  tha  minimum  value  increases  the 
average  power  diverted  by  the  clipping  circuit  and 
hence  tha  ratings  of  and  losses  in  tha  diverting 
components,  w#  shall  find  it  useful  later  to  refer 
to  an  "optisua"  system  in  which  4. takes  its  minimus 
allowable  value. 
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It  will  be  ass';ned  that  tha  dump  capacitor  is 
large  and  that  its  voltage  U  therefora  constant, 

0  is  datarminad  by  the  conditions  in  tha  circuit  at 
average  9T  voltage. 

Since  C  is  in  aeries  with  the  incoming  supply, 
the  charge  delivered  to  the  FFN  during  charging  must, 
on  the  average,  be  equal  to  the  charge  returned  to  C 
during  diversion.  The  average  charge  delivered  to 
the  PFN  per  cycle  is  given  by:- 

Q  *  f  idt*_£  J  sin  ebt  dt 

'  O  'o 

Q  ’  <^L  °  *  CO*  *t»)  (-8) 

To  obtain  the  average  charge  per  cycle  returned 
to  C  during  diversion,  we  may  use  the  clipping  energy 
balance.  Ifce  energy  diverted  from  L  per  cycle 

J  •  \  1  i,2 


where  it  is  the  charging  current  at  clipping. 
Substituting  for  ii  from  eqn  (2)  gives: - 

j  m  *in 

TZFZ 


(9) 


This  must  be  equal  to  the  energy  absorbed  by  C. 

J  -  QTJ  (10) 

From  eqns  8,  9  and  10. 

D  .  ff  <1  -  cos  el, )  (11) 

2 

Note  that  this  is  independent  of  the  turns  rstio  of 
tha  choke. 


Let  N  be  the  ratio  main  winding  turns/secondary 
winding  turns  on  the  choke.  There  is  an  upper  limit 
to  N  dictated  by  the  requirement  that  there  must 
always  be  forward  voltage  on  the  thyristor  at  the 
instant  of  clipping.  This  condition  may  be  '..ritten: 


V-E 

N 


>  D 


or 


V-E 

V 


This  is  most  stringent  when  E  has  its  maximum  value. 
Putting  E  *  Er  (1*4  )  and  substituting  for  V  from 
eqn  (6)  and  0  from  eqn  (11)  gives 


N  <  ^r?-£a^ 1  (13) 

For  an  "optimum"  system  we  obtain,  by  substituting 
from  eqn 

N  <  i~2£  (1  t) 

Decreasing  N  below  this  maximum  figure  will  increase 
the  inverse  voltage  rating  required  for  the  thyristor 
and  also  prolong  the  secondary  current,  so  that  for 
our  "optimum"  design  we  shall  take  the  equal  sign  In 
eqn  It, 

The  inverse  voltage  cn  the  thyristor 

The  inverse  voltage  on  the  thyristor.  X,  which 
occurs  immediately  after  the  discharge  of  the  FFN , is 
given  by:- 

X  «  E/N  ♦  0 

Taking  the  value  of  U  from  eqn  (H)  and  putting  In 
the  maximum  value  of  E:« 

iL9£S  «  1-  |  (1  -  coe«(.)  (15) 


For  the  "optimum”  system  postulated  above 
cos  »  1-2*  giving 


For  tht  "optimum”  design,  by  substitution  for  N  from 
eqn  (it),  si.  from  eqn  (7)  sad  E0  from  eqn  (6)  wm 
obtain: - 


U  ■  «E.  (12) 

This  ia  the  minimum  possible  value  of  3.  For 
«t  >(*<■#)  —  -in  ,  U  will  be  greater. 


(16) 
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Duration  of  secondary  current 

Tha  maximum  duration  of  the  secondary  currant  is 
given  by:- 

.  ill 

NO 

'Die  greatest  value  of  ii  and  therefore  otfl  occurs 
when  Z  *  E  max.  Then,  -using  eqns  2  and  3 

V’  -  (ferr  4  <’* 

For  the  "optima”  systea  this,  using  eqns  (8),  (12) 
and  (14)  reduces  to 

2  yTtTTTftT 

max  *  ^  ^  g  ( lo) 

Suaaary  of  the  preceding  results 

The  significance  of  what  has  been  derived  in 
this  section  is  perhaps  made  clearest  by  table  1 
which  gives  the  main  design  parameters  normalized 
to  the  peak  PFN  voltage  V  for  a  series  of  "optimum" 
systems,  designed  to  accommodate  increasing  HT 
voltage  fluctuations. 


Table  1 


* 

N 

Vv 

degrees 

U/V 

* 

X/V 

* 

-rprzr 

max. 

2 

47 

0.510 

16 

1.0 

2.1 

MM 

4 

22 

0.521 

23 

2.1 

*•5 

6 

13.7 

0.532 

28 

3.2 

7.3 

s| 

8 

9.5 

0.543 

33 

4.3 

10.5 

n 

10 

7.0 

0.556 

37 

5.6 

14.3 

wm 

Is  a  real  systea  N  would  have  to  be  reduced  and  of. 
would  have  to  be  inereaaed  slightly  to  allow  for 
leakage  inductance  and  other  factors.  There  would 
be  consequent  increase  in  Eo,  (I,  X  and  (^-aO. 

Errors  and  their  compensation 

Error  due  to  thyristor  firina  delay 

The  excess  PEN  voltage  AV  due  to  a  thyristor 
firing  delay  T  is  given  by 

av  -  r  d9) 

where  the  suffix  denotes  that  the  value  at  the 
instant  of  clipping  is  to  be  used. 

Substituting  from  eqn  (1)  gives: - 

AV-  CTEainet 

from  eqn  (3) 


-  3  -  i  (20) 

In  an  "options"  systea  as  previously  defined  and 
which  has  no  residual  PIN  voltage  after  the  pulse, 

V  »  2E  at  the  lever  liait  of  E  and  therefore 
AV  -  0  in  this  condition.  Tha  differential  error 


is  therefore  equal  to  the  maximum  overcharge,  which 
occurs  at  E  max  and  is  obtained  from  eqn  (2).  Putting 
E/v  »  1  ♦  € 

2(1  -  £) 

Max  fractional  error  «  -  uT (21) 

In  the  system  under  consideration  (w  »  400ir  ,  E  »  .02) 
and  for  T  *  2  microseconds  eqn  (21)  gave  an  error  of 
about  5  parts  in  10".  From  eqn  (19)  it  is  evident 
that  the  correcting  signal  required  to  cancel  this 
error  may  be  obtained  by  differentiating  the  PFN 
voltage.  For  instance,  if  the  top  (high-voltage) 
limb  of  the  potential  divider  used  to  monitor  the 
charging  voltage  has  a  resistance  R,  it  is  only 
necessary  to  connect  across  it  a  capacitor  K  such  that 
KR  *  T  in  order  to  achieve  compensation.  Alternat¬ 
ively,  a  separate  differentiator  may  be  used,  and  this 
could  be  connected  to  the  secondary  of  the  choke  if 
desired. 


Another  possible  way  to  compensate  for  thyristor 
delay  is  based  on  measurement  of  instantaneous 
charging  current,  since :- 


with  the  restriction  that  the  PFN  capacitance  (and 
hence  CJ)  must  be  kept  constant. 

The  effectiveness  of  compensation  possible  depends  on 
the  constancy  of  TT .  Almost  an  order  of  magnitude 
reduction  of  the  error  seems  to  be  obtainable. 


Although  compensation  based  on  E  appears  possible, 
using  eqn  (20),  it  should  be  noted  that,  apart  from 
the  inconvenient  processing  which  it  would  involve, 
it  would  give  no  compensation  for  the  effect  of 
residual  voltage  on  the  PFN  after  the  pulse.  This 
has  been  explicitly  excluded  in  the  derivation  of 
eqn  (1).  Compensation  based  on  eqns  (19)  or  (22)  is 
free  from  this  objection. 


Error  due  to  leakase  inductance 

Due  to  leakage  inductance  between  the  windings 
on  the  choke,  charging  will  continue  for  a  short  time 
after  the  thyristor  is  fired,  leading  to  a  small  over¬ 
voltage  on  the  PFN.  Since  this  overvoltage  is 
affected  by  the  supply  voltage,  the  dump  voltage  and 
any  residual  PFN  voltage,  changes  in  any  of  these  will 
affect  the  final  PFN  voltage.  This  is  usually  the 
moat  serious  source  of  error  before  correction  is 
applied.  On  the  other  hand,  since  the  leakage 
inductance  is  a  very  stable  characteristic,  accurate 
compensation  for  its  effect  is  in  principle  possible. 

For  an  approximate  analysis  we  shall  assume  that 
tha  voltage  across  the  leakage  inductance  is  constant 
during  ths  overlap  period  and  therefore  the  currents 
changt  linearly  with  time  (see  fig  4). 


The  voltage  across  ths  lsakage  inductance 
referred  to  the  main  winding  is  equal  to  V  -(E  ♦  NO) 
(aee  fig  1).  Frost  this  we  may  write  down  the 
expression  for  ths  overlap  angle  Jf 


i 


icDlii 

(TEW 


(23) 


where  D  is  ths  ratio  lsakage  induetance/self- 
inductance  of  the  choke. 
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Currents  during  overlap 

Hence:-  AV 

,  «tr*i 

S^I,2!,2 

a(V-E-Nt) 


(24) 


In  «n  "optima"  system  as  previously  defined,  the 
denominator  of  this  expression  goes  to  zero  at  the 
upper  lialt  of  KT  supply  voltage.  Thus  the  overlap 
and  the  consequent  overcharge  of  the  PEN  will 
apparently  become  infinitely  large.  Though  this  is  a 
false  result  deriving  from  the  constant  commutating 
voltage  approximation,  it  does  indicate  that 
unacceptable  overcharge  will  occur.  Cne  solution  to 
this  is  to  use  a  value  for  N  somewhat  lower  than  the 
maximum  allowed.  For  instance,  we  might  make  N  some 
fraction  K  of  the  maximum  value  allowed  by  eqn  04). 
Then  for  an  otherwise  "optimum"  system,  the  differ¬ 
ential  error  becomes: - 


Max  fractional  error 


AV 
V  * 


apt 

(i-k)o  -3«) 


(25>- 


For  typical  values  D  «  .02,  6  ■  .02,  K  ■  0.5  this 
gives  AV  ,  _  .--3  which  indicates  the  degree  of 

*  I#/  X  lU 

compensation  required.  Unfortunately,  Inspection 
of  eqn  (24)  reveals  that  the  correction  required 
depends  on  both  ii^,  E  and  U.  The  latter,  although 
ideally  constant,  fluctuates  somewhat  in  a  real  system 
because  C  cannot  be  made  extremely  large.  Thus  the 
task  of  rapidly  computing  a  correction  before  each 
firing  of  the  thyristor  is  a  complex  one.  It  m »/  be 
somewhat  simplified  et  the  expense  of  a  small  increase 
in  losses  by  adding  a  relatively  small  extra  capacitor 
connected  to  C  by  a  diode  end  arranged  to  be  discharged 
before  each  diversion  (see  fig  5).  The  value  of  this 
espseitor  should  be  just  suffleisnt  to  ensure  that  the 
overlap  ia  finished  before  the  diode  conducts.  This 
eliminates  0  in  the  denominator  of  eqn  (24),  thus 
reducing  AV  and,  which  is  more  important,  eliminates 
its  fluctuations  from  the  calculation  of  the  correction. 


As  in  the  previous  section  is  equivalent 

to  ii  in  accordance  with  eqn  (22) ,  provided  that  the 
PFW  capacitance  is  kept  constant. 


If  ii  is  expressed  m  terms  of  E,  assuming  zero  or 
constant  residual  PFN  voltage  after  the  pulse,  the 
right  hand  side  of  eqn  (24)  becomes  very  nearly 
linear  in  E,  making  correction  quite  aizqpl*.  This 
is  illustrated  in  fig  (6)  which  shows  the  normalized 
fractional  ovarehange  as  s  function  of  normalized 


Fig  5.  Circuit  with  added  capacitor  to  reduce 
error  due  to  leakage  inductance 


supply  voltage  (full  lines).  It  is  calculated  from 
eqn  (24)  assuming  zero  residual  voltage  and  the 
"optimum"  (i.e.  minimum)  value  of  «*.  allowable  for 
each  value  of  6.  The  choke  turns  ratio  is  fixed  at 
N  x  10.  The  dashed  line  shows  the  locus  of  Eq/V. 

It  is  apparent  that  for  this  value  of  N,  operation  ia 
not  practicable  for  €  greater  than  about  .06. 

However,  it  is  usually  not  possible  to  assume  that 
fluctuations  in  residual  voltage  will  never  occur. 

Then  it  is  necessary  to  derive  the  correction  from 
eqn  (24).  Bie  i-\2  term  is  tha  most  significant. 

Cne  way  ia  which  the  squaring  process  has  been 
accomplished  successfully  is  by  using  the  charging 
current  to  linearly  control  e  variable  tins  delay 
in  the  thyristor  firing  circuit. 

Transient  and  Fault  Conditions 

Start  up 

If  the  modulator  is  started  up  with  C  discharged, 
ft  will  be  greatly  increased  during  the  first  cycle. 
This  follows  from  eqn  (17)  since  U  will  be  zero  et  the 
commencement  of  diversion.  The  effect  is  illustrated 
in  fig  (7)  which  shows  the  waveforms  during  a  start¬ 
up  with  constant  H.T.  voltage.  This  was  calculated 
for  C  »  300  x  PfT(  capacitance  and  with  N  ■  10.  If 
current  is  still  flowing  in  the  secondary  circuit  when 
the  next  pulse  occurs,  the  recovery  of  the  modulator 
switch-tube  may  be  endangered.  Two  remedies  are 
available  -  the  use  of  e  priming  supply  to  pre-charge 
C  and  delay  of  the  second  modulator  pulse  until  the 
secondary  current  haa  ceased. 

Reduction  in  the  resonant  period  of  the  charging 
choke  and  PFN  relative  to  tha  repetition  period 
obviously  helps,  but  is  usually  limited  by  tha 
recovery  requirements  modulator  thyretron. 

Modulator  -witch  prefire 

If  the  main  modulator  switch-tubs  pre-fires 
whilst  charging  is  in  progress,  and  recovers,  an 
abnormally  large  diversion  of  energy  into  the  dump 
capacitor  will  follow.  The  dump  espseitor  must  have 
sufficient  capacitance  to  absorb*  one  or  more  of  such 
abnormal  diversions  without  its  voltage  rising  to  a 
level  which  would  prevent  clipping  at  the  normal  FFH 
voltage.  Otherwise  there  is  a  danger  that  this 
sequenee  may  repeat  itaelf  due  to  the  abnormal  PFN 
voltage  which  would  be  reached. 
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8  MVA  MODULATOR/REGULATOR  FOR  NEUTRAL  BEAMS 


Douglas  B.  Rem sen ,  Jr.,  and  Trevor  H.  Overact 
General  Atomic  Company 
San  Diego,  California 


Sunaary 

This  paper  describes  very  generally  the  modulator/ 
regulator  (Mod/Reg)  being  built  for  Transrex  by  Systems, 
Science  and  Soft'-  ire  for  use  on  the  neutral  beam  power 
supplies  that  Transrex  is  building  for  General  Atomic 
Company  co  power  the  neutral  beam  heating  syscems  that 
will  be  used  on  the  Doublet  TIT  fusion  device. 

The  Mod/Reg  is  required  to  provide  an  80  kV,  100  A 
pulse  for  a  second  every  90  sec.  The  voltage  is  to  be 
regulated  to  3%,  and  in  case  of  fault  the  pulse  must  be 
interrupted  within  10  usee.  An  additional  requirement 
was  that  the  total  system  have  very  low  capacity  such 
that  the  total  energy  stored  would  be  less  than  15 
Joules.  This  is  a  restriction  imposed  by  the  source 
designei  to  prevent  destroying  the  source  in  case  of  an 
arc  within  the  source. 

General  Description 

The  Mod/Reg  (illustrated  in  simplified  form  in 
Fig.  1)  is  contained  within  a  metal  enclosure  12  ft 
long  by  7  ft  wide  by  10  ft  high  (Fig.  2).  The  enclosure 
is  divided  into  two  parts:  (1)  Che  high  voltage  section 
and  (2)  the  control  and  power  input  compartments.  These 
parts  of  the  Mod/Reg  are  separated  by  a  conducting  wall 
for  EMI  reduction  and  protection  of  syscem  controls. 


| _ _ _  SAFETY  BBOUWO _ [ 


Fig.  1.  Mod/Reg  basic  approach 

The  power  input  and  controls  compartments  are 
located  ac  one  narrow  end  of  the  overall  enclosure 
(Fig.  2).  Double  doors  provide  access  co  480  V  powar 
input  components  contained  therein.  The  water  cooling 
manifolds  for  the  X2062K  tetrodes  are  also  contained 
within  this  compartment,  but  a  splash  shield  separates 
the  water  system  from  the  480  V  system. 

The  controls  section  of  the  syscem  is  located 
adjacent  to  the  480  V  and  water  manifold  compartment. 
Standard  chassis  strips  are  provided  for  mounting  of 
Che  circuit  breaker  panel  and  control  chassis. 

The  controls  section  is  separated  from  the  480  V 
power  compartment  by  a  conducting  wall.  Thus,  the 
controls  compartment  is  shielded  both  from  the  high 
roltage  and  480  V  power  components  of  the  system. 

*tfork  supported  by  Department  of  Energy,  Ccntrecc 
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Fig.  2.  Mod/Reg  enclosure 


The  high  voltage  section  of  the  Mod/Reg  enclosure 
is  equipped  with  six  large  doors,  three  on  each  side 
(Fig.  3).  The  high  voltage  deck  is  shown  in  Fig.  3. 

All  high  voltage  subsystema  and  components  within 
the  enclosure  are  ambient  air  insulated,  with  two  excep¬ 
tions.  The  high  power  tetrodes  are  housed  within 
dielectric  enclosures  containing  SF6  gas  at  atmospheric 
pressure  for  electrical  insulation  of  the  tube  insula¬ 
tors.  The  dielectric  enclosures  are  connected  by  gas 
lines  to  a  regulated  source  of  SF6  gas,  although  under 
normal  conditions  no  flow  is  required.  Also,  the  input 


Fig.  3.  High  voltage  section  of  Mod/Reg  enclosure 
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and  gradient  grid  voltage  monitors,  which  are  purchased 
assemblies,  contain  SFg  gas  Cor  insulation  of  the 
resistive  and  capacitive  elements  from  which  the  moni¬ 
tors  are  fabricated.  The  monitors  are  sealed  units  and 
require  no  replenishment  of  gas. 

The  principal  electrical  subsystems  which  comprise 
the  Hod/Reg  (Fig.  I)  are  described  in  more  detail  In 
tha  following  paragraphs,  beginning  with  the  480  V 
three-phase  input. 

480  V  Three-Phase  Incut 


rn 


120  V 


12  V  CT 


Five  wire,  480  V  three-phase  power  input  to  the 
Hod/teg  enters  the  enclosure  top  at  the  control  compart¬ 
ment  end  of  che  cabinet.  Conduic  is  provided  for  the 
wire  run  from  the  top  to  the  control  section  where  the 
input  power  connections  are  made  at  a  terminal  board. 

Power  (liO  Vac  one-phase)  is  also  supplied  to  each 
Mod/Rag  for  convenience  outlets  and  lights  within  the 
high  voltage  section  of  the  enclosure. 

Transformers,  associated  circuit  breakers,  and 
fuses  are  provided  in  the  power  distribution  system  to 
supply  120  Vac  and  24  Vac  for  ground-based  control  and 
interlock  circuitry. 

Isolation  Transformer 

The  Mod/Reg  isolation  transformer  is  an  air- 
insulated  design.  This  approach,  in  contrast  to  oil- 
insulated  designs,  was  taken  specifically  to  minimize 
the  stray  capacity  from  the  secondary  windings  to  the 
primary  and  ground. 

The  transformer,  manufactured  by  Stangenes  Indus¬ 
tries,  (fountain  View,  California,  is  illustrated  sche¬ 
matically  in  Fig.  4.  The  input  to  each  of  the  three 
phases  is  nominally  277  V  supplied  from  a  480  V  (lina- 
llne)  ayatem.  Each  secondary  of  the  isolation  trans¬ 
former  contains  tvo  windings.  The  120  V  secondaries 
from  each  phase  are  combined  to  form  a  three-phase 
208  V  supply  to  power  the  X2062K  screen  power  supplies. 
Two  phases  each  contain  12  V  center  tapped  windings,  and 
these  supply  filament  power  to  the  two  X2062KS.  The 
secondary  winding  of  the  third  phase  contains  a  center 
capped  240  V  winding  which  provides  general  deck  power 
requirements,  including  the  regulator /amplifier  and  its 
associated  power  supply. 

Two  shields  are  provided  over  each  of  tha  three 
windings  which  comprise  tha  transformer  primary,  and 
chase  shields  are  connected  by  low  inductance  copper 
straps  to  tha  cores  and  frame  (safety  ground).  The 
shields  are  0.010  in.  thick  copper  sheet  and  are 
wrapped  around  and  completely  cover  the  primary  windings. 
The  two  shields  over  each  primary  winding  are  separated 
from  each  other  by  means  of  sheet  plasclc  insulation. 

The  transformer  secondary  windings  are  contained 
within  relatively  thick  copper  shields  which  are 
electrically  "smooth"  to  minimize  corona.  The  secondary 
shields  are  electrically  connected  to  the  high  voltage 
deck. 

The  stray  capacity  from  che  secondary  shields  to 
ground  with  the  unit  Installed  is  approximately  180  pF. 

Current  limiting  reactors  and  shorting  contactors 
are  provided  in  series  with  the  tube  filament  windings 
to  limit  filament  in-rush  current  to  an  acceptable 
value.  These  reactors  also  provide  the  means  for 
reducing  tube  filament  power  when  che  Mod/Rags  are  in  a 
standby  condition.  Thus,  as  a  result,  tube  filament 
life  can  be  significantly  extended . 

Water  Coollna  System 

The  system  for  distribution  and  monitoring  of 
SC2062K  cooling  water  is  located  within  the  control 
compartment  of  the  enclosure.  The  system  provides 
valving,  temperature,  pressure,  and  flow  monitors  for 
control  and  measurement  of  relevant  parameters  and  for 
protection  of  the  tubes. 


PRIMARY 


120  V 

SEC0N0ARY 
12  V  CT 
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Fig.  4.  Isolation  power  transformer 


High  Voltage  Deck 

The  high  voltage  deck,  which  contains  the  high 
voltage  series  Cubes  and  supporting  equipment,  is 
located  within  che  high  voltage  section  of  che  enclosure 
The  deck  is  64  in.  long  by  52  in.  wide  by  30  in.  high. 

It  is  supported  on  standard  station  post  Insulators;  the 
21  in.  spacing  between  the  bottom  of  the  deck  and  the 
common  conductor  (ground)  is  more  than  adequate  to 
safely  sustain  che  80  kV  output  voltage. 

The  spacing  between  che  deck  sides  and  the  enclo¬ 
sure  walls  is  about  15  in.;  this  spacing  is  also  quite 
safe  electrically.  The  deck  has  successfully  sustained 
hipot  testing,  in  situ,  to  150  kV  dc. 

X2062K  Screen  Power  Supplies 

Screen  power  for  the  two  X2062K  high  power  tetrodes 
is  supplied  from  two  separate  power  supplies  on  che  high 
voltage  deck. 

Screen  supply  input  power  is  derived  from  che  pre¬ 
viously  described  high  voltage  isolation  power  trans¬ 
former  by  way  of  a  three-phase  SCR  controller.  The 
SCR  controller  is  used  as  a  fast  switch  to  turn  off  the 
screen  supplies  in  the  event  of  a  series  Cube  fault. 

In  addition,  the  input  to  one  screen  power  supply  is 
equipped  with  a  variable  transformer  which  provides  the 
capability  for  independent  adjustment  of  screen  voltages 
for  tha  two  X2062KS. 

The  screen  power  supply  transformers  are  three- 
phase  units  equipped  with  two  secondary  windings.  The 
secondaries  are  delta  and  wye  connected  and  when  recti¬ 
fied  and  connected  in  series  provide  a  low  ripple  12  - 

pulse  dc  output  voltage.  The  dc  output  is  capacitivelr 
filtered  to  provide  low  source  impedance  against  the  * 
transient  screen  power  demands  that  exist  during  turn¬ 
on  of  tha  series  tubes. 


One  ampere  bleeders  are  also  provided  at  the  output 
of  each  screen  supply  to  offer.  In  conjunction  vich  the 
arge  filter  capacity,  a  low  lapedance  path  for  the 
agatlve  current  "Islands”  which  exisc  In  the  operating 
'characteristics  of  the  high  power  tetrodes. 

Screen  supply  output  voltage  la  nominally  1100  Vdc, 
and  each  supply  1*  capable  of  supplying  3  A  continuously. 

The  screen  power  supplies  are  contained  within 
modular  chassis  Installed  Into  one  side  of  the  high 
voltage  deck.  The  chassis  are  equipped  wich  slides  for 
ease  of  access  or  replacement  if  necessary. 

12062K  High  Power  Tetrodes 

The  Hod/Keg  la  a  conventional  series  regulator 
circuit.  Its  function  is  to  regulate  the  flow  of  power 
to  the  neutral  beam  source  (NBS)  and  to  protect  both 
the  MBS  and  primary  power  subsystem  in  the  event  of  a 
load  fault. 

In  operation  at  maximum  output  conditions,  the 
series  tubes  must  pass  108  A*  and  regulate  the  output 
voltage  (80  kV)  to  within  3X.  The  output  pulse  current 
rlsetlme  and  maximum  pulse  width  are  SO  usee  (10Z-90Z) 
and  1  sec,  respectively.  In  the  event  of  a  load  fault, 
the  series  tubes  must  reduce  the  current  to  near  zero  as 
rapidly  as  possible,  in  a  time  less  chan  10  usee. 

The  voltage  regulation  range  of  Che  series  tubes  Is 
limited  at  one  extreme  by  che  maximum  plate  dissipation 
that  can  be  sustained  and  is  limited  at  the  other 
extreme  by  screen  dissipation.  Tests  conducted  at 
EIMAC  have  clearly  demonstrated  the  capability  of  each 
X2062K  tetrode  to  continuously  sustain  a  plate  dis¬ 
sipation  of  7S0  kW.  Thus,  for  34  A  per  tube,  the 
maximum  tube  drop  Is  13.9  kV. 

The  maximum  screen  dissipation  for  the  K2062K  is 
3300  W,  and  thus  for  a  screen  voltage  of  1100  V,  the 
minimum  tube  drop  (to  result  In  a  screen  current  less 
han  about  3.2  A)  la  approximately  3.3  kV.  Therefore, 
che  resulting  total  series  tube  regulation  range  at 
full  output  voltage  and  current  conditions  is  10.4  kV. 

The  grids  of  the  X2062Ks  are  driven  In  parallel 
from  a  coamun  driver  circuit.  Screen  voltage  Is  ad¬ 
justed  such  chat  the  required  maximum  output  currant 
(108  A)  la  achieved  for  a  grid  voltage  of  10  V.  Diode 
clamping  Is  provided  to  assure  this  condition.  Spark 
gap  protection  la  provided  at  the  grids  for  protection 
of  the  driver  In  che  event  of  a  tuba  fault. 

Separate  screen  supplies  are  provided  for  the 
X2062Ks,  as  previously  described,  to  permit  Independent 
screen  voltage  adjustment.  This  approach  Is  used  to 
assure  equal  oueput  current  sharing,  for  equal  grid 
drive,  between  the  tubes.** 

X2062K  screen  protection  circuitry  (Illustrated  in 
Fig.  3)  Is  provided  for  protection  of  the  X2062ks  as 
well  as  for  protection  of  the  screen  supplies  them¬ 
selves.  If  a  tube  fault  occurs,  the  large  SCR  associ¬ 
ated  with  the  screen  circuit  crowbars  the  screen  voltage. 
Nearly  simultaneously,  additional  circuitry  detects  the 
fault  condition  and  Interrupts  screen  Input  power. 

X2062K  filament  power  (12  Vac,  660  A)  is  provided 
from  the  previously  described  Isolation  transformer 
secondary.  High  frequency  bypasses  are  provided  from 
each  side  of  che  directly  heated  cathode  to  the  output 
connection.  Filament  current  and  voltage  monitoring 
are  provided. 


The  NBS  load  current  Is  100  A,  but  che  series  cubes  must 
pass  an  additional  8  A  to  supply  the  gradient  grid  rasls- 
tlve  divider. 

**Screen  voltage  adjuatment  Is  a  "one  time"  adjustment 
performed  during  initial  system  testing.  However,  the 
cathode  current  of  each  X2062K  la  monitored  to  assess 
current  sharing  on  a  shot-to-shot  basis. 
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Fig.  5.  X2062K  screen  protection 


Regulator /Amplifier 

The  regulator/ampllfler  employs  a  feedback  loop 
and  is  closed  at  the  high  voltage  deck  by  means  of  a 
highly  stable  resistive  divider  monitor  which  samples 
the  Mod /Reg  output  voltage.  The  reference  signal  which 
sets  che  Mod/Reg  required  output  voltage  is  transmitted 
to  che  deck  by  means  of  an  optically  coupled  data  link. 

The  regulacor/amplifier  circuit  Is  Illustrated  In 
simplified  block  diagram  form  In  Fig.  6. 

The  series  cube  grid  driver  consists  of  three 
basic  elements:  (1)  an  error  amplifier  circuit, (2)  a 
transistor  amplifier  stage,  and  (3)  a  cascade  drive 
stage  employing  two  vacuum  tubas. 

The  error  amplifier  consists  of  high  quality 
differential  amplifiers  which  compare  che  feedback 
signal  with  the  reference  signal.  The  output  Is  buf¬ 
fered  to  drive  the  following  stage. 

The  transistor  stage  amplifies  che  error  output 
signal  from  a  nominal  10  V  level  to  a  level  required  to 
drive  the  final  amplifier  stage. 

The  tube  stage  employes  two  EIMAC  4CX1 OOOKs  In  a 
cascade  configuration.  The  output  stage  voltage  "swing" 
Is  800  V  and  its  output  Impedance  Is  low  (*50  0) ■  A 
low  Impedance  output  driver  Is  required  to  drive  che 
X2062K's  grid  capacity  for  fast  blocking  of  che  Mod/Reg 
oueput.  Based  upon  an  assessment  of  che  stray  capacity, 
che  series  tube  Is  capable  of  blocking  the  output  in 
about  2  usee. 

The  regulator/amplifier  system  has  bean  the  subject 
of  considerable  testing  In  support  of  the  present  Mod / 
Reg  syscems.  Detailed  analyses  have  bean  performed  to 
define  the  stage  gain  and  frequency  response  necessary 
to  achieve  overall  regulation  requirements  In  conjunc¬ 
tion  with  stable  operation.  Testing  of  the  asvllfler 


Fig.  6.  Mod/Reg  amplifier  feedback  system 
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system  through  che  driver  stage  and  Che  results  of  anal¬ 
ysis  demonstrate  chat  Che  required  regulation  and  fast 
block  characteristics  of  che  regulator/amplifier  system 
can  be  successfully  achieved  in  i  system  chat  la  stable. 


Gradient  Grid  Circuit 

The  gradient  grid  resistive  divider  consists  of  200 
50  SI  wire  wound  resistors  (Ohsweve  Co.)  connected  in 
series.  The  mass  of  wire  contained  in  each  resistor  is 
IS  g.  The  peak  temperature  rise  of  each  element  is 
approximately  600°C.  Even  at  600"C,  the  wire  which  com¬ 
prises  each  elemen.  is  well  below  che  fusion  temperature 
for  the  material  (1210*0). 

Air  cooling  c che  gradient  grid  resistor  assembly 
is  propot  Co  extend  its  power  dissipation  capability 
through  a  water  cooled  heat  exchat  get  at  the  top  of  the 
enclosure  to  minimize  the  heat  load  "dumped"  into  che 
building  that  houses  the  Hod/Regs. 

The  remaining  components  which  comprise  the  gradi¬ 
ent  grid  clrcuic,  resistors,  capacitors,  diodes,  and 
the  resistive  divider  cap  changing  mechanism  are  iden¬ 
tical  to  those  used  in  the  present  units. 


Controls  and  Monitoring 

The  principal  feature  of  the  controls  is  chat 
multiple-parallel  optically  coupled  data  link  channels 
provide  continuous  monitoring  of  "on-deck"  functions 
at  ground  level.  The  analog  links  use  a  volcage  to 
frequency  conversion  for  transmission  of  the  data  via 
optically  coupled  "light-pipes."  This  Information, 
upon  receipt,  is  re-converted  from  frequency  to  voltage 
before  interfacing  with  the  control  system.  Analog 
channel  bandwidth  is  30  kHz  (0  to  30  kHz)  and  is  suffi¬ 
ciently  broad  for  satisfactory  reproduction  of  the 
input  analog  signals. 

The  digital  transmission  links,  l.e.,  links  which 
provide  "on-off"  information  or  fasc  command  functions, 
are  identical  to  the  described  analog  channels  except 
that  V/F  and  F/V  conversion  is  not  employed.  In  this 
case  che  data  channel  upper  3  db  point  is  250  kHz,  con¬ 
sistent  with  the  need  for  fast  response  in  some  cases. 


The  second  principal  feature  of  the  control  system 
is  the  use  of  a  microcomputer  for  integration,  coordina¬ 
tion,  and  control  of  the  Hod/Reg.  The  microcomputer  is 
physically  located  at  ground  level  (safety  ground)  and 
accepts  inputs  from  the  high  voltage  "deck"  (via  the 
optically  coupled  data  links)  and  from  the  ground-based 
subsystems  and  components. 

The  microcomputer  coordinates  and  controls  the 
startup,  normal  operation,  and  shutdown  of  the  Hod/Reg. 
The  computer  also  drives  a  display  panel  to  visually 
indicate  the  Hod /Reg  status,  as  well  as  to  accept  and 
execute  commands  from  the  Hod/Reg  and  the  local  concrol 
system. 

The  primary  mission  of  the  microcomputer  is  to 
protect  the  high  voltage  tetrodes  and  critical  circuitry 
and  to  protect  personnel.  In  these  vital  tasks  the  com¬ 
puter  is  assisted  by  fast-acting  hardwired  circuitry  in 
critical  areas  to  ensure  personnel  and  high-voltage 
circuitry  protection  even  in  the  ease  where  the  computer 
might  not  be  fast  enough  to  act  alone. 

An  Intel  8080A  microprocessor  la  che  brain  of  the 
computer  that,  along  with  a  “programmable-read -only- 
memory,"  allows  for  flexibility.  Should  modification  in 
control,  size,  or  capability  of  che  Hod/Reg  become 
desirable  in  the  fucure,  the  present  control  circuitry 
could  still  be  used  and  the  additional  functions  imple¬ 
mented  by  simply  revising  the  computer  "program"  and 
adding  minimal  extra  circuitry. 

Control  of  the  Mod/Reg  is  accomplished  through  the 
use  of  status.  Interlock,  end  control  lines.  The 
computer  constantly  monitors  the  status  of  items  such 
as  filament  and  plate  water  flow  to  the  high  voltage 
tubes,  water  temperatures,  fans,  ground  hooks,  and  doors. 
It  also  monitors  che  currents,  volcagea,  and  power  dis¬ 
sipations  that  are  the  key  to  che  operational  status  of 
the  high  voltage  tetrodes  and  associated  power  supplies 
and  circuitry. 

When  the  stacus  of  an  item  meets  certain  minimum 
requirements,  it  "makes  up"  an  Interlock.  These  inter¬ 
locks  are  grouped  by  function  in  the  computer  and  callet. 
"chains,"  e.g. ,  Filaments,  Safety,  Cooling,  Screen 
Supply  Enable,  and  Ready.  All  of  the  Interlocks  within 
a  chain  must  be  in  the  proper  condition  before  che  chain 
is  made  up.  The  chains  themselves  are  Interlocks  and 
must  be  completed  before  the  Mod /Reg  can  operate. 


80  kV,  100  A  MODULATOR/ REGULATOR  CONTROLS 


Harlan  Aalin  and  Robert  Hartline 
Syatama,  Science  and  Software 
P.O.  Box  4803 
Hayward,  CA  94540 


Neutral  beaa  injector*  for  plaama  heating  aug- 
aentation  in  aagnetic  confinement  fuaion  experiment* 
require  the  controlled  flow  of  high  electrical  power. 
Modulator/regulator*  (Mod/Rega)  control  the  flow  of 
chic  power  and  aerre  to  protect  the  injector  in  the 
event  of  injector  ahort  circuit.  Thia  paper  deacribea 
the  control  ayatem*  of  a  aeriea  Mod/Reg  for  the  General 
Atomic  Co.  Doublet.  ILL  neutral  beam  injection  power 
aupply  ayatem.  The  overall  control  ayatem  incorporate* 
a  microcomputer  which  coordinate*  and  controla  the 
a tart-up,  normal  operation,  and  ahutdoun  of  Che 
Mod/Reg.  Analog  data  tranamiaaion  between  ground  baaed 
controla  and  controla  at  high  voltage  are  provided  by 
meane  of  optically  coupled  deca  linka.  Tranamiaaion 
link  bandwidth  ia  dc  to  30  kHz.  Mod/Rag  output  voltage 
regulation  ia  provided  through  the  uae  of  two  parallel 
high  power,  high  voltage  tetrodea  (E1MAC  X2062K) 
configured  in  a  aeriea  regulator  circuit.  A  cloaed 
loop  feedback  control  ayatem  regulatea  the  output 
voltage  to  better  than  1Z  with  a  cloaed  frequency 
reaponae  equal  to  250  kHz.  The  regulator  circuit,  upon 
command,  reducea  Mod/Reg  output  current  to  zero  within 
five  microaeconda . 


Introduction 

Neutral  beam  injectora  for  plaama  beating  aug¬ 
mentation  in  magnetic  confinement  fuaion  experimenta 
require  the  controlled  flow  of  high  electrical  power. 
Modulacor/regulatora  (Mod/Rega)  control  the  flow  of 
thia  power  and  aerve  to  protect  the  injectora  in  the 
event  of  injector  ahort  circuita.  The  deeign  and 
fabrication  of  the  Mod/Rega  for  the  General  Atomic  Co. 
(GA)  Doublet  XII  neutral  bean  power  aupply  ayatem 
(NBPS8)  wee  undertaken  by  S-Cubed*  in  March,  1978  under 
aubcontract  to  the  Tranarex  Diviaion  of  Gulton 
Induatriea.  The  general  deaign  of  the  Mod/Rega  in 
eatiefaction  of  the  apecified  electrical  output 
requiromenta  (GA  Specification  No.  3-4410. ITS)  ia  the 
aubject  of  a  companion  paper1,  and  ia  not  preaented 
here.  The  aubjecta  of  the  preaent  paper  are  the  Mod/Reg 
controla.  Specifically,  the  cloaed  loop  output  voltage 
control  ayatem  and  overall  ayatem  controla  are 
diacuaaed  in  the  following  peragrapha. 


Staten  Controla 

The  Mod/Reg  control  ayatem  providee  all  control*, 
interlock*,  and  monitor*  required  for  operation  of  the 
ayatem  from  the  cuatomer'a  local  control  ayatam.  It 
incorporate*  a  microcomputer  which  coordinate*  and 
controla  the  atart-up,  normal  operation,  and  ahut-down 
of  the  Mod/Rag.  The  computer  alao  drive*  a  diaplay 
panel  for  viaual  indication  of  Mod/Reg  atatua,  aa  well 
aa  to  accept  and  execute  command*  from  the  Mod/Reg  and 
the  local  control  ayatem  (Pig.  1). 


S-Cubed  waa  aided  in  thia  endeavor  by  Mr.  Arnold 
Peldman  and  Mr.  David  Snell  of  Scientee  Engin¬ 
eering  Co. 


Fig.  1  Computer  Control  Syatem 


The  principal  function  of  the  microcomputer  i*  to 
protect  the  high  voltage  aerie*  tetrode*  and  critical 
circuitry  and  to  protect  peraonnel.  In  theae  taaka 
computer  control  ia  augmented  by  faat  acting  hardwired 
circuitry  in  critical  area*  to  aaaure  peraonnel  and 
high-voltage  circuitry  protection  in  caae*  where  the 
computer  might  not  be  faat  enough  to  act  alone. 

An  Intel  8080A  microproceaaor,  in  conjunction 
with  a  "progranawble-read-only  memory”,  providee 
couaiderable  control  ayatem  adaptability.  Should 
modification  in  control,  aize  or  capability  of  the 
Mod/Reg  become  deairable  in  the  future,  the  preaent 
control  circuitry  could  atill  be  uaed  and  the  ad¬ 
ditional  functiona  implemented  by  aimply  reviaing  the 
computer  "program”  and  adding  minimal  extra  circuitry. 

Control  of  the  Mod/Reg  ia  accompliahed  through 
the  uae  of  atatua,  interlock,  and  control  linaa.  The 
computer  conatantly  monitor*  the  atatua  of  itome  auch 
a*  filament  and  plat*  water  flow  to  the  high  voltage 
tube*,  water  temperature,  fan*,  ground  hooka  and 
door*.  It  alao  monitor*  the  currant*,  voltage*,  and 
power  diaaipation*  that  are  the  key  to  the  operational 
atatua  of  the  high  voltage  tetrode*  and  aaaociated 
power  auppliea  and  circuitry. 

Whan  the  atatua  of  an  item  meet*  certain  minimum 
requirement*  it  "makea-up”  an  interlock.  Theae 
interlock*  are  grouped  by  function  in  the  computer  and 
are  called  "chain*",  e.g.,  Filament*,  Safety,  Cooling, 
Screen  Supply  Enable,  and  Ready  (Fig.  2).  All  of  the 
interlock*  within  a  chain  moat  be  in  the  proper 
condition  before  the  chain  i*  made-up.  The  chain* 
thamaalve*  are  interlocked  and  muat  be  completed 
before  the  Mod/Reg  can  operate. 
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Fi«.  2  Ground  Level  Control* 


An  internal  "watchdog"  tinar  i*  incorporated  in 
the  coaputer  systea  to  guard  again*t  coaputar 
aalfunction.  The  coaputar  i*  required  to  trigger  the 
"watchdog"  every  several  Billiseconds.  If  it  should 
(ail  to  do  so  the  Mod/lag  is  iaaediatsly  shut  down. 
The  "watchdog"  cycla  tine  it  typically  3  aa. 

The  coaputar,  through  the  prograa,  is  given  a 
coaplete  set  of  contingencies  for  orderly  tystea 
start-up  or  shut-down.  When  it  detacts  specified 
fault  condition*  it  autoaatically  takes  proper  action 
including  indicating  irtiore  the  fault  oc cured. 
Depending  on  the  prograa  and  type  of  fault  or  "broken" 
interlock  the  coaputar  can  either  return  the  Nod/Keg 
to  operational  status  or  wait  for  hman  assistance  and 
reset. 


The  coaputar  and  its  associated  circuits  are 
contained  within  the  Ground  Level  Digital  Control 
chassis  inside  a  shielded  coapartaent  (Fig.  2).  All 
wires  entering  the  coapartaent  are  filtered  to  provide 
a  very  high  degree  of  noise  iaaunity  without  using 
optically  isolated  input/output  channels. 

The  control  systea  provides  analog  output  sig¬ 
nals,  available  at  the  front  panel  of  a  Ground  Laval 
Analog  Control  chassis  for  convenient  aasessaent  of 
systea  performance.  The  analog  signals  are 
transmitted  across  the  high  voltage  (HV)  interface  by 
aaans  of  optically  coupled  data  links  which  arc  the 
subject  of  the  following  paragraphs. 


Analoa  Data  Link 

Analog  data  links  were  developed  by  S-Cubed  to 
satisfy  the  requireaents  (S-Cubed's)  for  eccurate, 
stable  (particularly  dc  stability),  aodast  bandwidth 
(dc  to  30  kHz)  data  transmission  across  the  HV 
interface. 

The  data  link  approach  adopted  by  S-Cubed  is 
illustrated  in  simplified  fora  in  Fig.  3.  A  voltage- 
to-frequency  converter  (V/F)  is  biased  at  its  input  to 
produce  an  output  frequency  of  200  kHz  corresponding 
to  an  input  voltage  equal  to  zero  volts.  An  input 
voltage  in  the  renge  of  0  to  10  volts  provides  a 
corresponding  frequency  change  froa  200  kHz  to  2S0 
kHz.  The  resulting  frequency  modulated  signal  drives 
a  light  eaitting  diode  (  2s  900  on  wevelength)  which 
is  coupled  to  a  length  of  infrared  transmitting, 
plastic  waveguide.  A  photo  detector  receives  the 
frequency  nodulated  light  signal  and  through  the  use 
of  a  frequency-to-voltage  converter  (F/V)  and  filter 
(to  remove  the  carrier  frequency)  provides  a  0  to  10 
volt  output  signal.  Data  link  bandwidth  is  0  to  30  kHz 
and  long  tera  accuracy  and  stability  is  better  than  3Z 
over  a  taaperature  range  froa  10°C  to  40°C. 


u*i  asm  Omm  munm  m 

Fig.  3  Analog  Data  Link 

Output  Voltage  Hezulator 

The  Nod/keg  output  voltage  requlator  control 
systea  is  illustrated  scheaatieally,  in  simplified 
form,  in  Fig.  4.  The  series  regulator  circuit  com¬ 
prises  two  parallel  KXMAC  X2062K  high  power,  high 
voltage  tetrodes,  their  associated  driving  aaplif iers , 
a  feedback  voltage  divider,  and  a  reference  signal. 
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Fig.  4  Regulator  Control  System 


The  X2062K  tetrodes  are  driven  in  parallel  from  a 
common  driver  amplifier  stage.  Equal  X2062K  tetrode 
output  current  sharing  against  the  effects  of  unequal 
tube  characteristics  is  achieved  by  means  of  separate, 
adjustable  (one  tism  adjustment)  screen  voltage  power 
supplies. 

The  X2062K's  driver  amplifier  consists  of  two 
4CX1000K  tetrodes  connected  in  cascode  mode  (Fig.  4). 
Driver  amplifier  supply  voltages  are  <-400  V  and  -1200  V 
with  respect  to  deck  cooon;  the  negative  supply 
voltage  is  determined  by  the  X2062K  grid  voltage 
required  for  cut-off  (-800  V). 

Fast  turn-off  of  the  output  current,  in  the  event 
of  a  load  shore  circuit,  it  provided  by  means  of  a  clamp 
circuit  which  is  coupled  directly  to  the  X2062K  grid 
driver  stage  for  speed  (Fig.  4).  The  clamp  circuit 
drives  the  lower  4CX100QE  of  the  cascode  pair  hard  into 
conduction  which  pulls  the  X2062K  grids  rapidly  down  to 
cut-off  bias. 

The  X2062K  driver  stage  is  driven  at  its  input  by 
means  of  a  modest  gain  transistor  amplifier.  The 
transistor  amplifier  is  turn  driven  from  a  low  level 
error  amplifier. 

The  feedback  loop  is  closed  at  HV  deck  level;  this 
decision  was  based  principally  upon  speed-of-response 
considerations.  The  feedback  signal  is  derived  from  a 
stable,  compeneeted  output  voltage  resistive  divider 
(Fig.  4).  Divider  attenuation  is  about  10,000/1.  The 
reference  signal  it  coupled  to  the  deck  by  means  of  an 
optically  coupled  date  link  channel  previously 
described  in  this  paper.  The  reference  voltage  is 
variable  in  the  range  from  3  V  to  8  V  corresponding  to 
the  required  Mod/Reg  output  voltage  range  of  30  kV  to  80 
kV. 


Performance  of  the  feedback  control  system  is 
illustrsted  in  Fig.  3  and  Fig.  4  for  the  condition 
where  the  Hod/Reg  is  driven  from  a  capacitor  bank  (1.8 
u  F)  which  droops  considerably  over  the  output 
pulse  width.  Output  voltage  and  current,  in  Fig.  S  and 
Fig.  4  sre  80  kV  and  110  A  respectively. 

Fig.  5a  illustrates  the  capability  of  the  feed¬ 
back  control  system  to  regulate  against  a  variable 
input  voltage.  The  capacitor  bank  initial  charge 
voltage  was  110  kV  in  this  case  and  drooped  to  about  83 
kV  over  the  pulse  duration. 

Fig.  3b  illustrates  am  output  pulse  of  shorter 
duration,  but  in  this  case  a  step  is  applied  to  Che 
reference  voltage  during  the  pulse.  The  amplitude  of 
the  step  is  about  14X  of  the  reference  amplitude.  The 
effect  of  the  step  input  upon  the  output  pulse 
waveform  is  shown  in  Fig.  6a  on  an  expanded  sweep. 
Based  upon  assessment  of  the  output  waveform  the 
closed  loop  response  of  the  regulator,  for  the 
particular  load  conditions,  is  about  230  kHx. 

Fig.  6b  illustrates  the  end  of  the  pulse  of  Fig. 
3b,  again  on  an  expanded  sweep.  The  pulse  is 
terminated  in  the  same  manner  whether  it  be  a  normal 
termination  or  "block”.  Thus,  Fig.  6b  illustrates  the 
speed  with  which  the  output  current  is  "turned-ofr"  in 
response  to  a  "block"  command.  The  block  command 
signal  delay  time,  measured  from  receipt  of  the  signal 
at  the  ground  based  control  system,  associated  with 
propagation  and  electronics  delays,  is  about  two 
microseconds.  Thus,  the  total  time  for  blocking, 
including  the  fixed  delay,  is  less  than  five 
microaeconds . 


50  y  s/div. 

a)  110  kV  Capacitor  Bank  Charge  Voltage 


30  u  s/div. 

b)  Response  to  Reference  Step 
Fig.  5  80  kV  (110  A)  Output  Waveforms 
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A  THYRATRON  INVERTER  CIRCUIT 
TO  DRIVE  A  CAPACITIVE  LOAD 
FOR  THE  PRODUCTION  OF  OZONE 

H.  Menown,  R.  P.  Newton, 

R.  Sheldrake,  R.  L.  Snelling 
English  Electric  Valve  Co.,  Ltd.,  U.K. 

Ozone  (O^),  a  very  powerful  oxidising 
agent,  is  being  used  increasingly  on  an 
industrial  scale  for  the  purification  of 
water  and  effluent.  Since  ozone  is  an 
unstable  oxygen  molecule  and  therefore  diffi¬ 
cult  and  expensive  to  transport,  it  is  much 
more  economic  to  manufacture  on  site  as  demand 
requires. 

A  highly  efficient  method  for  producing 
ozone  has  been  developed  whereby  air  is 
passed  between  electrodes  on  which  a  high 
voltage,  high  frequency  square  wave  is  im¬ 
pressed.  The  special  Inverter  circuit  used  to 
drive  the  ozone  generating  cell  is  described, 
and  the  factors  defining  the  choice  of  a 
suitable  thyratron  within  the  range  of  30  kW 
to  1  MU  are  discussed. 

Some  types  of  load  which  are  presented 
to  inverter  circuits  are  mainly  capacitive 
and  foremost  among  these  are  pulsed  electro¬ 
static  precipitators  and  ozone  generators. 

The  latter  is  particularly  relevant  and 
it  may  be  worth  while  to  discuss  in  brief  the 
reason  for  its  use. 

Ozone  is  a  very  powerful  oxidant  and  as 
such  is  used  extensively  in  water  and  effluent 
purification  plants.  When  made,  ozone  is  so 
poisonous  and  so  readily  recombines  with  many 
substances  that  it  is  very  difficult  to 
transport.  Thus  it  is  usually  made  on  site 
and  used  Immediately.  Ozone  is  the  product 
of  high  voltage  stress  acting  upon  oxygen  and 
as  everyone  who  has  dealt  with  high  voltage 
equipment  will  know  is  not  difficult  to 
manufacture!  In  the  water  treatment  plants 
it  is  usually  made  by  passing  air  through 
co-axial  pipes  (capacitors)  across  which  a 
voltage  is  impressed. 

Low  frequency  A.C.  voltages  of  say  12  kV 
rms  and  30/60  Hz  are  used  but  these  plants 
are  so  large  and  bulky  that  it  has  become 
necessary  to  condense  their  size  and  one  way 
to  achieve  this  has  been  to  introduce  high 
frequency  systems  (up  to  3  kHz)  which  reduce 
the  size  of  the  equipments  by  between  10  and 
20  times  for  the  same  output. 

Thyristors  can  be  employed  but  thyratrons 
possess  a  natural  advantage  in  that  they  are 


high  voltage,  high  speed  switches  and,  as 
such,  can  offer  an  extremely  simple  system 
without  step  up  transformers. 

Another  advantage  of  thyratrons  is  their 
ability  to  readily  operate  at  variable  fre¬ 
quencies.  For  all  other  things  being  equal, 
the  power  output  to  the  load  is  directly 
proportional  to  the  frequency  of  operation. 

As  already  stated,  the  load  is  of  co-axial 
form  with  the  flowing  air  stream  forming  the 
dielectric.  Such  a  load  is  completely  capa¬ 
citive  until  ozone  is  formed.  The  only  energy 
absorbed  is  by  breakdown  of  the  air.  This  may 
be  represented  as  a  perfect  capacitor  with  a 
resistor  in  series. 


Consider  what  happens  when  a  perfect 
capacitor  is  charged  from  a  no  loss  inverter 
circuit  such  as  is  shown  in  Fig.  1. 


Figure.  1. 

The  first  operation  of  the  switch  causes 
an  Inductive  swing  of  2e  to  be  impressed  on 
a  capacitor.  The  next  operation  is  impressed 
upon  a  capacitor  which  is  already  charged, 
therefore,  4e  appears  across  it,  then, 
successively,  6e,  8e  and  so  on.  (Fig.  2). 


Figure.  2. 
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This  behaviour  is  modified  by  Che 
inclusion  of  a  resistor  in  series  with  Che 
capacitor.  Fig.  3. 


Figure.  3. 

with  R  -  0  the  voltage  swings  are  as  in 
Fig.  2  and,  for  a  value  of  R  »  2  FIT  which 

J  C 

critically  damps  the  circuit,  the  voltage 
across  the  circuit  remains  at  2e.  For  other 
values  between  o  and  R  •  2  fL  the  voltage 

VC 

across  the  capacitor  increases  but  more  slowly 
than  in  Fig.  2.  Thus  with  values  of  R  less 
than  critical  the  circuit  is  unstable. 

With  a  load  such  as  an  ozonizer  we  are 
fortunate  that  the  process-  is  self  compen¬ 
sating;  for,  as  the  voltage  rises  the  energy 
dissipation  increases  so  docs  the  series  R, 
and  as  the  voltage  falls,  so  do  the  losses 
and  the  series  R. 

It  can  thus  be  seen  that  for  this  type  of 
load,  a  very  simple  and  efficient  circuit 
can  be  n>nu.  with  a  minimum  of  components. 

It  is'  completely  stable  without  feedback  loops 
or  other  introduced  controls. 

Practical  Circuit 

Apart  from  the  feed,  trigger  and  safety 
circuits  the  only  components  used  are  the 
thyratrons  and  Inductors,  and  with  respect  to 
these  latter  it  is  important  to  remember  that 
losses  in  the  circuit  have  the  same  effect 
as  a  series  R,  and,  in  the  practical  case  the 
inductors  Li  and  L2  are  air  cored. 


Fiz.  4.  Practical  Circuit 
Tube  Life 

In  an  industrial  environment  such  as  the 
one  described,  tube  reliability  and  life  are 
of  paramount  importance,  and  at  the  lower 
levels  of  power  operation,  running  costs  are 
also  extremely  important.  Therefore,  at  the 
30  kW  level  a  long  life  glass  tube  based  on 
the  CXI 159  has  been  produced.  The  aim  is  to 
provide  at  least  one  year  continuous  operation 
at  full  power  and,  although  it  is  too  early 
to  be  able  to  quote  statistics,  results  look 
promising.  In  the  case  of  300  kW  and  1  mW 
levels,  two  tubes  already  exist  which  have 
been  specifically  designed  for  continuous, 
industrial  duty.  These  are  the  CX1526  and 
CXI 527  respectively. 


CX1552  CX1526  CX1527 


Figure.  6. 
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VACUUM  ARC  SWITCHED  INVERTER  OPERATION  AT  10  KHZ 
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Scat*  Univaraity  of  N«v  York  ac  Buffalo 
4232  Rldg*  L*a  Road 
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R.  N.  Millar 

Univaraity  of  Central  Florida 
7300  Lake  Ellanor  Drive 
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Suaaty 

Thl*  p*p*r  describe*  racant  aajor  advance*  in  the 
operation  of  a  vacua*  arc  switched  Inverter.  Tvo  alter¬ 
nately  ignited  vacuua  arc  switch**  have  baan  uaad  in  a 
sarias-capacltor  inverter  circuit  operating  at  frequen¬ 
cies  up  co  10  kHx  for  periods  up  co  0.2  second.  The 
operating  period  haa  bean  Halted  by  the  power  source, 
and  noc  by  Che  switches  or  the  inverter  circuit.  Un¬ 
loaded  circuit  operation  will  be  described  for  ac 
currenc  levels  up  co  1000A.  Loss  aeasureaents  ac 
10  kHz  on  all  circuit  elements.  Including  the  vacuua 
arc  switches  and  Che  inverter  tranaforaer  with  its 
integral  bridge  rectifiers**  will  be  reported. 

Finally,  operation  of  che  Inverter  under  load  will 
be  described. 

Introduction 

A  program  of  research  and  development  on  vacuua 
arc  switched  inverters  is  being  carried  out  at  che 
'Cate  University  of  New  York  at  Buffalo  (SUNYAB).  •. 
Figure  1  shows  che  circuit  dlagraa  of  the  inverter, 
which  1*  referred  to  as  a  half-bridge  series-capacitor 

inverter. 

The  circuit  operates  by  alternately  triggering 

VAS  1  (vacuua  arc  switch^  #1)  and  VAS  2.  As  each 
switch  conducts  a  half-sinusoidal  currant  vavefora 
(with  amplitude  and  period  controlled  primarily  by 
the  inductance  and  capaclcance)  1*  generated.  Thus, 
che  currant  waveform  in  the  primary  winding  of  the 
tranaforaer  is  nearly  sinusoidal.  The  bridge  recti¬ 
fier  and  filter  capacitor  convert  the  secondary  trans¬ 
former  voltage  co  dc  for  application  to  the  load. 

Significant  characteristics  of  the  series  capaci¬ 
tor  inverter  are: 

*  High  efficiency  , 

*  Low  weight  and  volua* 

*  Relative  insensitivity  to  load  faults 

*  Ease  of  load  regulation 
Efficiencies  of  over  93  percent  are  expected  to  be 
achievable  in  very  hlgh-pownr  versions  of  this  circuit. 
These  high  efficiencies  result  froa  the  sinusoidal  na¬ 
ture  of  the  operating  vavefora*  and  from  the  fact  that 
switching  occurs  whan  the  current  In  che  circuit  is 
zero.  Of  course,  lov-loas  components  and  proper 
assembly  techniques  are  also  essential  for  high 
efficiency. 

• 
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Figure  1.  Circuit  dlagraa  for  vacuua  arc 
switched  inverter. 


Low  weight  and  volume  result  from  circuit  opera¬ 
tion  at  high  frequencies.  In  the  SUNYAB  work,  fre¬ 
quencies  near  10  kHz  are  used.  As  a  result,  the  series 
capacitors  (C^  and  Cj  In  Figure  1)  have  values  of  only 

3  uF.  An  air  cor*  torroidal  Inductor  (torroldal  to 
alalalz*  stray  flux  and  associated  losses)  Is  used 
having  an  inductance  of  only  30  pH.  The  filter  capa- 
ls  about  0.1  \it  when  a  60:1  transformer  and  a  3  kfi 
load  are  used. 

The  Inverter  is  relatively  insensitive  to  load 
faults  because  the  currenc  amplitude  la  controlled 
prlaarlly  by  the  inductance  and  capacitance. 

Load  regulation  it  readily  accoaplisbad  by  con¬ 
trolling  the  triggering  frequency  of  ch»  switches.  At 
low  triggering  frequencies  the  half-sinusoids  of  cur¬ 
rent  are  widely  spaced  and  so  the  average  current  to 
the  load  is  low.  As  triggering  frequency  is  Increased, 
current  to  the  load  la  Increased. 

■  Single  cycle  and  burst  aod*  operation  of  the 
vacuua  arc  switched  Inverter  have  previously  been 

described. W(*)(5)  Recently,  significant  advance- 
aeacs  in  inverter  operation  have  been  achieved.  The 
circuit  haa  been  operated  at  frequencies  up  to  10  kHz 
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for  period*  up  to  0.2  ««c.  Th#  operating  period  wee 
Halted  by  the  power  aource,  and  not  by  the  inverter 
With  the  circuit  unloaded  (no  tranaforaer,  rectifier 
or  load  attached  to  the  circuit)  operation  at  power 
levala  in  exceaa  of  one  aegawatt  have  been  alaulated. 
That  la,  the  curranta  and  voltage*  In  the  circuit  wera 
the  a am  aa  they  would  be  In  a  loaded  circuit  operating 
in  exceaa  of  one  aegawatt.  In  addition,  the  circuit  haa 
been  operated  with  the  tranaforaer,  rectifier  and  load 
attached  ac  power  level*  of  a  few  tana  of  kilowatt*. 

Thl*  paper  deacribe*  the  inverter  circuit  development 
and  the  reaulta  achieved. 


Inverter  Circuit  Operation 


The  principle*  of  operation  of  the  inverter  cir¬ 
cuit  are  etraightforward.  To  analyte  the  operation, 
aaauae  flrat  that  the  inverter  tranaforaer  (T^  in 

Fig.  1)  la  Ideal.  Then,  the  loaded  bridge  along  with 
the  filter  capacitor  aay  be  transformed  to  the  pri¬ 
mary  circuit  a a  la  ahown  in  Fig.  2. 


Cp  *  Transformed  Filter  Capacitance 
R^  •  Transformed  Load  Resistance 


Figure  2.  Inverter  circuit  after  the 

transformation  of  the  loaded 
bridge  and  filter  capacitor 
to  the  primary  circuit. 


Next,  assume : 

#  All  circuit  components  ere  loealees. 
a  Switches  S1  and  $2  are  ideal. 

e  The  treneforaed  capacitance,  Cp, 
la  aaich  larger  than  and  C^. 

The  Initial  operating  condition*  ar*  that  the 
voltage*  on  capacitors  and  (Vc^  and  Vc2)  ar* 

on*  half  of  the  aupply  voltage,  Vg;  la  discharged; 
and  switches  and  Sg  ar*  open. 

At  time  t  •  0,  If  switch  S2  1*  dosed,  then  the 

circuit  la  Fig.  2  becomes  the  equivalent  circuit  shown 
la  Fig.  3.  The  waveform*  for  the  current,  I,  for  the 
voltage, F  ,  across  th*  aeries  capacitor  and  for  the 


4=:  S'v 


Figure  3.  Equivalent  circuit  whan  S2  la 
closed. 


load  voltage,  V^,  ar*  shown  in  Fig.  4.  The  current 

waveform  is  vary  nearly  sinusoidal  and  the  voltage 
waveforms  ar*  nearly  cosinusoidal.  Th*  load  voltage 

is  much  smaller  than  V  because  C_  »  C.  At  th*  end 
C  r 

of  on*  half  cycla,  oparatlon  caases  because  switch  S2 
stops  conducting. 


’LOW) 


Figure  4.  Waveforms  for  th*  currant  I,  th# 
aarisa  capacitor  voltage  V£,  and 
the  load  voltage,  V^,  for  th*  flrac 
half  cyd*  of  Invar  tar  oparatlon. 
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The  second  helf  cycle  of  operation  begins  when 
switch  closes.  The  equivalent  circuit  la  shown  in 

5.  Mote  that  the  operation  of  the  switches  (the 


Sl> 


has  reversed 


Fig. 

bridge  diodes  as  well  as  S.,  and 

points  a  and  b  relative  to  the  source  voltage  but 
that  the  polarity  of  the  load  voltage  relative  to  the 
source  voltage  Is  unchanged,  also,  the  Initial  vol¬ 
tage  on  C  (which  was  the  voltage  on  C  at  the  end  of 
che  first  half  cycle  of  operation)  is  aerlea  aiding 
to  the  source  voltage. 


Figure  5. 


Equivalent  circuit  for  Che  second 
half  cycle  of  inverter  operation. 


'LOAD 


The  waveforms  for  the  second  helf  cycle  (as 
well  as  the  first)  are  shown  in  Fig.  6.  Mote  that 
che  earlauu  current  la  three  class  che  value  during 
the  first  half  cycle.  The  earles  capacitor  voltage, 

V  ,  which  reached  a  eaateua  value  of  V  at  t  •  t.  , 

c  O  i 

reverses  and  goes  to  a  ulna  value  of  2  V  at  che 

o 

and  of  the  second  half  cycle.  The  load  voltage 
continues  to  Increase  during  this  half  cycle  because 
of  the  bridge  rectifiers. 

Figure  6  also  shows  the  effect  of  ^  on  che  cur¬ 
rent  1  and  the  aeries  capacitor  voltage  V  .  As  can  be 

c 

aeon  (che  dotted  curves  In  the  figure) ,  when  the  load 
has  a  value  of  0,  the  aagnltudes  of  the  current  I 

and  the  voltage,  V^,  are  at  their  greatest  possible 
values.  However,  when  the  load  1^  A  0,  then  1  and 
»c  will  have  values  less  chan  the  earl sue  values  (as 
shown  by  the  solid  curves  In  the  figure) . 

Except  for  the  Initial  voltages  on  the  series 
capacitor  and  the  load,  the  analysis  of  the  third  and 
subsequent  half  cycles  will  be  very  similar  to  that 
of  che  first  and  second  half  cycles.  As  the  Inverter 
oscillates,  the  gradual  increaaa  of  current  and  vol¬ 
tage  will  continue.  The  peak  current  value  for  the 
first  helf  cycle  was  X0;  for  che  second  half  cycle. 

It  was  near  3  I0>  It  the  load  resistance  was  0, 

then  the  currant  would  go  to  S  1  ,  7  I  ,  9  I  .... 

0  0  0 

increasing  to  Infinity,  as  long  as  there  Is  no  lost 
la  the  circuit.  If  there  is  a  load,  then  the  currant 
would  build  up  to  a  sceady  state  value. 


Figure  6.  Waveforms  for  the  current  I,  the 
series  capacitor  voltage  V,,  and 
the  loed  voltage,  V^,  for  the 

second  half  cycle  of  Inverter 
operation. 

The  aeries  capacitor  voltage  V£  also  builds  up  as 

the  circuit  oscillates.  If  the  load  resistance  Is 
zero,  then  che  voltage  Vc  would  go  as  Vq,  2  Vo,  3  Vq 

.....  to  Infinity.  If  there  Is  a  load,  then  the 
voltage  Vc  would  build  up  to  a  steady  state  value. 

The  steady  state  condition  occurs  when  the  load 
voltage  is  very  nearly  equal  to  one  half  of  the  source 
voltage.  The  current  and  voltage  waveforms  fron  Initial 
start  up  to  steady  state  are  shown  In  Figure  7. 

At  steady  scace,  the  average  load  current  is 

2 
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Figure  7.  Current  and  voltage  waveforms 
from  initial  start  up  to 
steady  state. 


and  the  capacitor  volcage,  is 


’c  ‘  WV"? 


where  is  the  peak  value  of  the  ac  currant. 


Use  of  Vacuum  Arc  Switches 

The  switching  elements  to  be  used  in  the  invert¬ 
er  are  required  to  Hava  the  following  capabilities: 

e  Fast  recovery  time 

a  High  voltage 

e  High  current 

e  High  frequency  operatlon(10  kHz  and  over) 

Set's  have  conventionally  been  used  as  Inverter 
switching  elements,  gut  at  high  power  levels  and  high 
frequencies.  Set's  must  be  substantially  derated  in 
current  end  voltage.  As  a  result,  series  and  parallel 
combinations  of  SCt's  are  required.  The  recovery  time 
of  an  SCt  is  also  a  problem.  At  the  very  best,  high 
power  SCt's  have  a  7  us  recovery  time. 

Since  improved  switching  eleaants  are  needed  for 
high  power,  high  frequency  applications,  vacuim  arc 
switches  are  being  investigated  for  this  application, 
la  a  vacuimi  arc  switch,  the  constituent  material  of 
the  negative  electrode  is  vaporised  sad  ionised  by 
arc  spots  to  provide  the  conducting  medium. d)  a 
vacuum  arc  discharge  la  an  alsMst  ideal  medium  for 
use  la  switching  because  it  makes  possible  a  high 
vacuum  device  having  excellent  insulation  properties 


when  nonconducting  and  it  becomes  a  plasma  discharge 
device  which,  depending  on  the  configuration  of  the 
electrodes,  has  a  low  voltage  drop  and  high  current 
capacity  during  conduction.  Arc  ignition  in  the 
SUKYAB  vacuum  arc  switches  is  accomplished  by  apply¬ 
ing  a  pulse  of  current  sufficient  to  vaporize  a 
portion  of  a  thin  macallic  film  on  an  insulacor 
between  the  cathode  and  an  igniter  electrode. 

The  following  capabilities  have  been  demonstrated 
for  vacuum  arc  switches: 

e  High  voltage  (10* s  of  kilovolts) 

e  High  current  (kiloamperes  to  10 's  of 
kiloamperes) 

a  Good  recovery  time  (■v  2  pS  demonstrated 
to  date) 

Thus,  vacuum  arc  switches  are  superior  to  SCR's  in  all 
of  these  critical  areas. 

The  primary  deficiency  in  vacuum  arc  switches  at 
this  time  is  short  life.  For  many  Applications,  such 
as  in  certain  multi-megawatt  Inverters  for  military 
use,  the  life  demonstrated  to  date  is  adequate.  In 
other  cases,  where  long  life  is  required,  new  concepts 
presently  being  considered  at  SUHTAB,  must  be  developed. 


Realities  of  Circuit  Operation 

The  primary  concern  here  la  to  assure  that  switch 
faults  do  not  occur.  The  voltage  source  driving  the 
Inverter  will  be  shorted  if  both  switches  (S^  and  S2 

in  Fig.  2)  conduct  ac  Che  same  time.  A  fault  is  most 
likely  to  occur  during  the  recovery  tine  at  the  end 
of  the  conduction  period  of  a  switch.  If  one  of  the 
switches  has  not  fully  recovered  before  the  other  is 
switched  on,  then  there  is  high  probability  that  both 
switches  will  conduct  simultaneously .  As  a  result, 
as  is  shown  in  Figure  8,  there  must  be  "off  perloda 
between  half  cycles  of  operation.  Clearly,  the  "off” 
period  must  be  greater  than  the  switch  recovery  time. 
For  example,  since  vacuum  arc  switches  have  recovery 
times  of  t  2  us  or  less,  the  minimum  "off"  time  must 
be  no  less  than  2  us.  For  the  high  power  SCR  which 
was  described  in  a  previous  section,  the  minimum  delay 
time  can  be  no  less  than  7  usee  since  the  recovery 
times  for  those  devices  are  7  usee  or  greater.  The 
duration  of  the  "off  period  not  only  depends  on  the 
type  of  twitch  used,  but  also  on  the  frequency  of 
operation  and  the  power  level  of  the  circuit. 


Figure  >.  Current  waveform  with  non 
conducting  "off  period 
between  half  cycles  of 
operation. 
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Next,  the  timing  of  switch  conduction  muse  be 
considered.  The  most  important  point  here  is  to  time 
the  triggering  of  a  switch  on  the  basis  of  the  end  of 
the  previous  switch  conduction  period.  The  reason 
for  doing  this  is  shown  in  Figure  9.  As  can  be  seen, 

the  time  t  at  which  conduction  is  Initiated  should  be 
c 

based  on  time  t^  plus  a  predetermined  delay,  rather 
than  on  time  t^.  Then  the  possibility  of  conduction 

overlap  resulting  from  a  triggering  delay  or  an  irregu¬ 
larity  in  conduction  is  avoided. 


Figure  9.  Switch  triggering  on  basis 
of  end  of  previous  switch 
conduction  period. 


For  high  efficiency,  of  course,  losses  oust  be 
minimized.  Some  of  the  factors  important  in  minimizing 
loss  are: 

•  Lite  wire  should  be  used  to  reduce  skin 
effect  losses  which  occur  at  high 
frequencies . 

e  Torroidal  Inductors  should  be  used  since 
they  generate  very  little  stray  magnetic 
flux. 

e  The  capacitor  dielectrics  must  have 
extremely  low  dissipation  factors. 

Silicone  oil  and  polypropelene  are 
che  best  at  present. 

a  Vo  should  be  bypassed. 

e  low  loss  bushings  must  be  used, 
throughout  the  circuit. 


The  accurate  measurement  of  losses  at  high  cur¬ 
rent  levels  and  at  resistance  levels  on  the  order  of 

(31 

mllllohne  has  previously  been  reported.  The  tech¬ 
nique  Is  to  use  che  ac  elements  of  the  circuit  in 
series  with  a  "perfect"  switch  and  then  to  resonate 
che  circuit.  The  resistive  loss  can  be  computer  from 
the  resulting  exponential  decay  curve.  The  "perfect" 
switch  consists  of  a  pointed  brass  rod,  a  thin  sheet 
of  teflon  (on  che  order  of  a  few  thousands  of  sn  inch 
chick)  and  a  lead  pad.  The  switch  is  activated  by 
striking  the  brass  rod  with  a  hammer. 

The  major  advantages  of  the  resonance  cast  method 

are: 

e  The  technique  is  extremely  simple  and  fast, 
a  Very  accurate  results  are  obtained, 
e  The  test  can  be  performed  ac  full  power.  , 


a  The  teat  can  be  performed  ac  the  normal 
operating  frequency. 

a  Non  linearities  can  easily  be  detected 
from  variations  in  the  time  constant. 

Using  this  technique  the  overall  circuit  loss  was  re¬ 
duced  by  a  factor  of  10  (from  0.1  0  to  0.01  0). 

Next,  che  losses  of  the  circuit  including  the 
vacuum  arc  switches  (VAS's)  were  determined.  The 
circuit  elements  and  quantities  of  significance  are 
shown  in  Figure  10.  To  help  In  understanding  the 


CQ  PROVIDES  ENERGY  SUPPLY  (40,000  UF) 

C1  *  S  UF  SILICON  OIL,  POLYPROPELENE 
L  -  27  pH  TORROIDAL  INDUCTOR 
R  *  RESISTIVE  LOSS  OF  CIRCUIT  AND  SWITCHES 


Figure  10.  Circuit  elements  and  quencltias 
of  significance  in  analysis  of 
inverter  loss. 


measurements  that  were  made,  a  simple  power  flow 
analysis  1s  required.  With  no  load,  under  steady 
‘scats  operating  conditions,  the  power  supplied  to  che 
circuit,  P^,  is  equal  to  the  power  dissipated,  P^  . 

So, 

P  ■  P 
in  loss 

Assuming  that  all  losses  occur  la  R  and  as  the 
result  of  the  cathode-fall  voltage,  V£ ,  in  each  switch, 

than 


so 


I  V  - 
sc  o 


R  + 


I  V 
ac  c 


—  r.c  R  +  2  V 


Thus,  a  plot  of  Vq  va  I  should  be  a  straight  line 
with  a  slop*  of  R  and  an  Intercept  of  2  V^. 


Steady  state  values  of  operating  parameters  of 
the  circuit  were  determined  by  precharging  one  of  the 
capacitor*  (C^)  to  the  voltage  chat  It  would  have  dur¬ 
ing  steady  state  operation  for  a  given  input  voltage, 

V  . 
o 


The  resulting  data  are  shown  in  Figure  11,  with  a 
straight  line  drawn  through  the  data  points.  Note 
chat  the  intercept  occurs  ac  40  volts,  which  indicates 
that  the  cachode  fall  voltage  Is  20  volts.  From  the 
slope  of  the  line  through  the  daca  points,  R  is  deter¬ 
mined  to  be  .047  ohm.  Now,  since  the  rasistsnee  of  the 
Inductor  and  capacitor  portions  of  the  circuit  were 
determined  to  be  .011  ohm  from  the  haver  switch  tests, 
then  the  resistance  of  each  vacuum  arc  switch  must  be 
.036  ohm.  A  portion  of  this  resistance  is  in  the 
switching  plasms  and  the  remainder  in  the  cachode  and 
anode  feedthroughs  and  connections. 


I#c(PEA|0 


Figure  11.  Plot  of  V  vs  I  _  is  a  straight 
O  ac 

line  of  slop*  -j-  R  and 
intercept  2  V . 


Following  the  switch  loss  measurements,  open  and 
short  drculc  tests  were  performed,  using  the  haver 
twitch  tschnique,  on  the  200  kVA  inverter  transformer 
supplied  by  Thermal  Technology  Laboratory,  Inc.  This 
transformer  is  pie  wound  and  contains  32  pie  sections 
The  32  individual  primary  windings  are  connsctsd  so 
chat  there  are  16  pairs  of  windings  all  connected  in 
parallel.  The  dc  resistance  of  the  reeulting  primary 
la  calculated  to  be  .0134  ohm.  Each  of  che  32  second¬ 
ary  windings  is  connected  to  a  full-wav*  bridge  rec¬ 
tifier  and  the  32  bridge  rectifiers  are  in  series. 


The  total  dc  resistance  of  the  secondary  windings 
is  calculated  to  be  33.4  ohms.  The  current-voltage 
characteristic  for  the  diodes  used  in  the  bridge  rec¬ 
tifiers  is  shown  in  Flgura  12.  The  transformer  turns 
ratio  is  55.6:1. 


Figure  12.  Typical  instantaneous  forward 
characteristics  of  General 
Instruautnt  Corporation 
RCP  30  series  rectifiers. 


In  the  open  circuit  measurement  the  resistances 
involved,  as  is  shown  in  Figure  13a,  were  Che  circuit 

resistance,  R  ,  which  has  been  determined  to  be  .0105 
c 

ohm;  the  primary  resistance,  Rp ,  and  a  resistance  to 

represent  che  cor*  loss,  R  .  The  resistance 
core 

measured  during  the  open  circuit  tests  was  .336  ohm 

so  that  Che  sum  of  R_  and  R  was  .325  ohm.  Thus, 
p  core 

as  would  be  expected,  *cora  was  very  large  cosipared 
with  the  wire  resistances. 

Because  Rcora  was  large,  the  circuit  for  the 

short  circuit  testa  can  be  represented  as  is  shown 
in  Figure  13b.  The  resistance  measured  during  the 
short  circuit  test*  was  .108  ohm  so  that  the  trans¬ 
former  resistance  was  .097  ohm.  Thus,  the  wire  and 
dloda  resistance,  reflected  in  the  primary,  was  .138 
ohm.  Now,  the  complication  in  crying  to  compare  che 
measured  resistance  with  the  calculated  value  is  the 
nonlinear  characteristics  of  the  diodes.  This  vas 
illustrated  in  Figure  12.  A  crude  estimate  of  the 
expected  resistance  can  be  obtained  by  modeling  the 
diodes  as  resistors.  The  short  circuit  teats  were 
performed  with  a  secondary  current  on  the  order  of 
on*  ampere.  At  this  current  the  diode  voltage  drop 
was  about  on*  volt  so  the  resistance  could  be  con¬ 
sidered  to  be  on  the  order  of  on*  ohm.  The  total 
number  of  diodes  in  series  in  the  bridges  during 
conduction  was  64  so  chat  the  total  diode  resist¬ 
ance  could  be  considered  to  be  on  the  order  of  64 
ohms.  This  resistance  was  in  series  with  the  33.4 
ohm  secondary  winding.  When  transformed  into  the 
primary  circuit,  the  equivalent  secondary  resist¬ 
ance  was  .l>32  ohm.  This  resistance  added  to  the 
primary  resistance  of  .013  ohm  gives  a  calculated 
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resistance  for  the  short  circuit  tests  of  .045 
Ohio,  which  is  about  one  third  of  the  measured  value. 
The  reasons  for  this  discrepancy  are  not  understood 
ac  present. 


Upper  waveform:  1  ma/dlv 

Lower  waveform:  50  us/div;  300  A/div 


<&2  Rs 


Rd iodes 


b)  Short  Circuit 


Figure  13.  Resistive  portions  of 

transformer  test  circuits. 


High  Power  Results 


Figure  14.  Current  waveform  shows  gradual 
buildup  to  steady  state. 


The  steady  state  condition  or  the  current  wave¬ 
form  is  shown  in  the  lower  trace  of  Figure  15.  Note 
that  tha  "off"  time  between  conduction  cycles  la 
clearly  shown  here. 
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Unloaded  and  loaded  high  power  tests  have  been 
carried  out  on  the  inverter.  The  results  of  chase 
tests  are  as  follows. 

Unloaded  Results 

Unloaded  testing  was  carried  out  with  no  load, 
filter  capacitor,  bridge  rectifier  or  transformer  in 
the  circuit.  Current  and  voltage  amplitudes  were 
limited  only  by  circuit  losses.  Figure  14  shows  an 
excellent  example  of  the  current  waveform.  The  cop 
trace  shows  the  gradual  buildup  of  current  to  Its 

steady  state  value.  The  boctom  trace  is  a  time 
expansion  of  tha  bright  area  of  the  cop  trace  and 
this  shows  the  Initial  buildup  of  current. 

*  It  should  be  noted  that  the  decreasing  magnitude 
of  the  current  waveform  (after  its  greatest  peak 
value)  Is  due  to  an  Inadequate  power  supply.  The 
current  would  not  decrease  if  thare  was  an  ade¬ 
quate  supply  available. 


Upper  waveform:  1  ma/div 

Lower  waveform:  50  us/div;  8CT  V/div 

Figure  15.  Bottom  trace  shows  atsady 
state  current  waveform. 

A  switch  fault  is  shown  in  Figure  16.  Here  it 
can  be  seen  that  the  energy  in  Che  circuit  oscillates 
at  tha  resonant  frequency  of  the  circuit  and  decays 
exponentially. 

To  data,  operating  levels  that  have  been  achieved 
for  unloaded  inverter  operation  are: 

Currents  >  1  IcA 
Voltages  >  1  kV 
Effective  power  levels  »  1  MW 
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Upper  waveform:  1  aa/dlv 

Bottom  waveform:  20  ps/div;  400  A/dlv 

Figure  16.  Current  waveform  resulting 
from  a  switch  fault. 

Loaded  Results 


Next,  loaded  (200  kVA  transformer,  3  kD  load  and 
0.1  pF  filter  capacitor)  test  results  will  be  given. 
The  top  trace  of  Figure  17  shows  the  wave  shape  of 
the  current  In  the  primary  winding  of  the  transformer. 
Note  that  thla  waveform  la  the  same  aa  that  for  the 
unloaded  case.  The  load  volcage  la  shown  In  the 
bottom  trace.  Here  It  can  be  seen  that  the  load 
voltage  slowly  builds  up  to  Its  steady  state  value. 


Upper  waveform:  SO  ps/dlv;  400  A/dlv 
Lower  waveform:  50  us/dlv;  5  kV/dlv 

Figure  17.  The  primary  current  I  (top  trace) 
and  load  voltage  V^. 


The  load  voltage  and  load  current  ara  shown  In 
Figure  IS.  Notice  that  the  load  current  stays  fairly 
constant  as  che  load  voltage  slowly  builds  up. 

To  date,  power  levels  that  have  been  achieved 
for  loaded  Inverter  operation  are: 

e  Voltages  ^  10  kV 
e  Current  "v  3  A  (avg.) 

e  Load  power  v  30  kilowatts 

Loaded  testing  la  continuing  with  the  objective 
of  achieving  operation  at  the  full  200  kVA  rating  of 
the  transformer.  New  compact  vacuum  arc  switches 
are  being  fabrlcatsd.  These  switches,  which  should 
be  capable  of  operation  to  power  levels  In  excess  of 
one  megawatt, are  only  3  Inches  la  diameter  and  41/2 
Inches  long. 


Upper  waveform:  0.1  ms/dlv;  5  kV/dlv 
Lower  waveform:  0.1  ms/dlv;  8  A/dlv 

Figure  18.  The  load  voltage  (top  trace) 
and  the  primary  current  I. 


Conclusions 


To  date,  testing  of  the  vacuum  arc  switched 
Inverter  has  produced  the  following  conclusions: 

•  Very  good  agreement  Is  found  between 
theoretical  and  experimental  results. 

•  Inverter  circuit  operation  at  high 
power  levels  has  demonstrated  successful 
use  of  vacuum  arc  switches. 

•  The  resonance  loss  measurement  technique 
Is  simple,  fast,  reliable  and  accurate. 

e  Successful  loaded  test  results  show 
promise  for  the  use  of  the  vacuum  arc 
switched  Inverter  for  future  pulse 
power  applications. 
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COMMUTATION  SWITCH  VOLTAGE  LIMITING  BY 
CURRENT  WAVEFORM  CONTROL 


A.  S.  Gllmour,  Jr. 

Scare  Univariity  of  New  York  aC  Buffalo 
4232  Ridge  Lee  Rd. 

Aaherst,  NY  14226 


Summary 

In  sou  high  power  switching  devices1,  the  current 
waveform  can  be  controlled  by  the  device.  As  a  result. 
It  Is  possible  In  a  commutation  circuit  to  tailor  the 
current  waveform  so  that  excessive  voltage  does  not 
appear  on  Che  switching  device  during  commutation. 

The  Ideal  current  waveform,  when  stray  inductances 
are  taken  into  consideration  and  a  parallel  capaci- 
cance  Is  used.  Is  cosinusoidal.  Switching  times, 
energies,  and  voltages  will  be  discussed.  In  the 
case  of  the  vacuum  arc  switch,  the  magnetic  field 
waveform  will  be  described  along  with  the  effects 
of  deviations  from  the  Ideal  waveform. 

Introduction 

When  an  opening  switch  Is  used  for  current  com¬ 
mutation,  large  voltage  transients  may  be  produced 
chat  may  cause  damage  to  the  svitch  and/or  prevent 
Che  switch  from  opening  properly.  In  an  opening 
switch  in  which  the  current  waveform  can  be  con¬ 
trolled,  these  voltage  transients  can  be  controlled 
or  even  eliminated.  As  the  following  analysis  shows, 
the  Ideal  switch  currene  waveform  Is  cosinusoidal 
with  a  period  equal  to  the  period  of  Che  series 
resonant  circuit  consisting  of  stray  Inductances 
and  a  voltage  limiting  capacitor. 


Analysis 

The  following  la  an  analysis  of  the  voltage 
appearing  at  the  terminals  of  a  commutation  device, 
CD,  during  Che  commutation  procass.  The  circuit 
considered  Is  shown  In  Figure  1.  The  capacitor,  C, 
limits  the  rate  of  rise  of  voltage  on  CD  and  the 
resistor,  R,  may  be  used  as  a  final  energy  dump. 
Inductors  L^,  Lj  &  Lj  are  stray  Inductances. 


Figure  1.  Circuit  considered  In  c nutation 
voltage  analysis. 


The  cosmutation  circuit  Is  assumed  to  be  In  series 
with  an  Inductive  circuit  carrying  current  IQ.  For 

the  purposes  of  this  analysis.  It  is  assumed  that 
the  commutation  process  occurs  In  a  fsw  microseconds. 
During  this  period,  the  inductive  circuit  appears  as 
a  current  source  so  that  IQ  remains  constant  during 
the  comtation  process. 

The  variation  of  current  1^  as  a  function  of 

time  Is  assumed  to  be  an  independent  variable  that 
can  be  controlled  In  the  design  of  the  commutation 

device.  For  example.  In  the  vacuum  arc  switch^, 
the  dependence  of  the  current  through  the  device  on 
the  applied  magnetic  field  la 


where  I  is  the  current  when  the  field  B  Is  zero, 
o 

The  factor  K  In  the  above  expression  Is  a  constant. 

The  variation  of  current  with  time  can  be  controlled 
by  controlling  the  variation  of  magnetic  field  with 
time. 

Because  the  cosssutation  tines  to  be  considered 
are  small  and  because  the  currents  are  large  (kilo- 
amperes  to  tens  of  kllosmperes) ,  it  Is  naceasary  to 
include  In  the  analysis  the  effects  of  stray  Induct¬ 
ances.  It  is  anticipated  that  the  values  of  Lj  and 

Lj,  which  would  probably  consist  primarily  of  lead 

Inductances,  would  be  only  a  few  microhenries.  The 
velue  of  Lj  would  probably  be  an  order  of  magnitude 

larger  than  L^  and  L^  because  it  would  consist  pri¬ 
marily  of  the  Inductance  of  resistor  R.  Because  of 
the  necessity  for  this  resistor  to  dissipate  large 
pulses  of  energy  It  would  necessarily  have  large 
dimensions  and  a  relatively  large  inductance  (com¬ 
pared  with  L^  and  L^) .  During  the  commutation  period, 

the  voltage  across  the  commutation  device,  VCD  U 

controlled  primarily  by  the  charging  of  capacitor  C 
and  by  the  inductive  surges  produced  by  L^  and  L^. 

The  voltage  across  C  Is 

’c  •  £  f  h  “• 

*  O 

and  ch«  volcaga  acroca  CD  la 


1  /  dl2  dIl 

VCD  "  t  /  *2  dt  +  L2  IT  ‘  L1  dT" 

J  o 
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for  small  c, 


Xo  '  X1  - 


and  for  larga  t. 
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- 1, 


d 

dt 


(I1  +  V 


Nov,  an  acceptable  aolution  to  this  aquation  can 
be  obcainad  by  first  examining  qualitatively  what  is 
happening  during  commutation.  As  CD  opens,  currant  is 
first  transferred  rapidly  to  C  bacausa  and  Lj  ara 

small  compared  with  L-.  Than,  currant  it  gradually 
transferred  to  the  L^-R  circuit.  Thesa  avants  are 
shorn  in  Figure  2. 


where,  even  though  I. is  small,  the  integrated  effect 
of  Ir  nay  be  large.  10nce  ^  has  been  specified, 

can  be  readily  determined  for  small  times.  For  large 
times,  it  is  possible  to  carry  the  analysis  further 
because 


CD 


1 1  large 


V 


so,  for  large  c 


where 
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I3dt 


I  (  1 


t 

RC 


This  means  that  for  Urge  times,  the  voltage 
across  the  commutation  device  is 


V 


CD 


It  large 


IoR 


t 

SC 


By  choosing  some  representative  values  for 
parameters,  it  is  possible  to  estimate  the  com¬ 
mutation  voltage  at  the  end  of  the  consultation 
process.  For  example,  if  IQ  -  10  kA,  R  •  10  ft 

C  *  1  uF  and  if  it  is  assumed  that  the  commutation 
process  la  completed  in  3  ys  with  an  average  value 
of  of  5  kA  to  that 


Ijdt  -  15  W, 


Figure  2.  Current  waveforms  as  a  function 
of  time  during  commutation. 

Thus,  it  is  seen  that  when  t  la  small,  Ij  is 
negligible.  When  t  is  large,  1^  and  dlj/dt  are 
negligible.  At  all  times,  dl^/dt  la  small.  Thus, 
the  equations  for  for  small  and  large  times  are 
as  follows; 


than  for  times  greater  than  3  us  is  as  shown  in 

Figure  3.  Note  that,  for  a  commutation  time  of  5  us 
or  less,  the  voltage  across  the  commutation  device 
does  not  exceed  25  kV. 

The  next  step  in  the  analysis  is  to  examine  Vffl  / 

during  c oasutaclon  for  various  functional  forms  of  ( 

ty  For  a  vacuum  arc  switch,  a  magnetic  field  that 

increases  linearly  with  time  until  interruption  occurs 
is  frequently  used.  The  variation  of  current  with 
time  is  therefore 
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Tint  US) 


Figure  3. 


Commutation  device  voltage  aa  a 
function  of  time  for  large  times. 


I^t) 


and  Is  shown  In  Figure  4.  To  Insure  that  I^(t)  Is  at 
least  in  the  range  of  Instability  (10  A)  for  an  IQ 

value  of  10  kA,  then  t/r  should  be  on  the  order  of  50. 
For  comtatlon  to  occur  with  t  «  5  us,  then  r  *  io-7. 
Shown  In  Figure  5  is  the  resulting  commutation  device 
waveform  for  values  of  t  from  0  to  4  us  for  the 
following  parameters: 

I  -  10  kA 
o 

C  -  1  uF 

T  -  1  x  10'7 


Lj  -  1  uH 
l2  -  1  WH 


Figure  4,  Vacuum  arc  twitch  currant  aa  a  function 
of  time  whan  magnetic  field  incraaaas 
linearly  with  time. 


TIH£  („S) 

Figure  5.  Commutation  device  voltage  as  a 
function  of  time  for  small  times. 

Notice  that  an  extremely  large  voltage  spike  occurs 
for  very  small  values  of  t.  The  peak  value  of  chis 
spike  is  130  kV.  Clearly,  it  Is  necessary  to  reduce 
the  amplitude  of  this  voltage  spike  to  protect  the 
commutation  device  and  the  ocher  components  of  the 
commutation  circuit.  It  is  unlikely  that  tha  values 
of  and  can  be  substantially  reduced,  therefore 

current  waveforms  that  change  more  slowly  with  time 
must  be  considered.  If,  for  example,  a  cosinusoidal 
current  waveform  such  as 

Ix  -  (1  -  Cos  x  ) 

Is  considered,  chan  the  commutation  voltage  becomes 
tha  lower  curve  shown  In  Figure  5.  Notice  that  the 
voltage  spike  has  been  eliminated  and  that  has 

been  substantially  reduced.  The  reason  for  this  Is, 
of  course,  that  the  choice  of  t,  C,  and  Lj  *uch 

that  a  series  resonance  condition  very  nearly  exlscs 
between  C  and  and  L^.  It  would  appear  In  fact, 

that  If  Che  cosinusoidal  current  waveform  could  be 
produced,  then  the  cosawtatlon  process  could  be 
completed  with  voltages  no  larger  chan  15  kV  being 
applied  to  the  commutation  device  when 

I0  •  10  kA 

r  •  io  n 

C  -  1  x  10"6  F 

Lx  -  L2  -  1  x  10_6H 


Tha  question  remaining  Is  that  of  the  technique 
required  to  produce  the  cosinusoidal  currant  waveform. 
Assuming  that  tha  following  relation  exists  between 
current  and  magnetic  flux  density  for  tha  vacuum  arc 
device 


(t)  - 


1  +  KJ"c)2 


2S7 


Than  tha  flux  density  oust  vary  as 


Thara  appaars  to  ba  no  raason  why  a  flux  danaity 
characteristic  could  not  ba  ganaratad  in  practlca. 
Thus,  it  appaars  that  tha  coMitacion  voltaga 
charactaristic  shown  in  Figure  5  for  a  cosinusoidal 
cnnutatlon  currant  should  ba  achiavabla. 


A.  S.  Gilaour,  Jr.  and  D.  L.  Lockwood,  "Tha 
Incarrupclon  of  Vacuua  Arcs  at  High  DC  Voltagas, " 
IEEE  Transactions  on  Electron  Devices,  Vol.  ED-11, 
Ho.  4,  April  1975,  pp.  173-180. 
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Abstract 


Test  results  are  given  for  a  prototype 
Compensated  Pulsed  Alternator  that  Mas 
operated  up  to  Its  5400  RPM  design  speed. 

The  machine  has  delivered  approximately  140 
kilojoules  of  energy  In  a  single  1.3 
millisecond  pulse  Into  a  load  comprising 
sixteen  parallel  flashlamps.  The  energy 
delivered  to  the  lamps  follows  a  W  » 
(RPM/225)4  scaling  law  to  about  4200  RPM. 
Beyond  that  speed,  eddy  current  losses  become 
significant  with  the  present  design.  New 
codes  are  able  to  model  the  machine 
parameters,  and  the  prototype  Is  presently 
being  rebuilt  to  reduce  the  high  speed  losses 
predicted  by  the  codes  and  verified  by 
experiment . 


Summary 


A  prototype  Compensated  Pulsed 
Alternator,  or  “Compulsator*  has  been  given 
its  first  proof  of  principle  demonstration 
tests.  It  has  been  run  to  full  speed  --  5400 
RPM  --  and  it  has  been  repeatedly  discharged 
Into  a  parallel  flashlamp  load,  delivering  up 
to  140  kilojoules  of  energy  In  a  1300 
microsecond  pulse.  The  purpose  of  the  test 
was  to  measure  the  factors  that  determine  the 
energy  delivered  by  the  Compulsator  Into  a 
representative  flashlamp  load.  The  ultimate 
goal  Is  to  replace  a  capacitive  energy  store 
with  a  very  large  Inertial  energy  store  of 
the  Compulsator  type  for  new  large  lasers. 

The  test  results  Indicate  that  the  energy 
delivered  to  flashlamps  follows  a 
fourth-power  scaling  law  with  machine  speed 
up  to  about  4250  RPM.  At  the  optimum  firing 
angle  of  about  45°  before  minimum 
Inductance,  the  prototype  delivered  a  net 
energy  of  (RPM/225)4  Joules  to  a 
16-parallel  lamp  load,  or  127  kj  at  4250  RPM. 

At  4800  KPM,  the  energy  delivered  was  139 
kj,  or  only  67*  of  the  fourth-power 
prediction.  Computer  circuit  modeling 
Indicated  that  this  deficit  Is  due  to  a 
probable  eddy-current  loss  that  becomes 
significant  at  the  higher  speeds. 


determine  the  optimum  design  for  rewinding 
the  prototype  machine.  Including  the  use  of 
eddy-current  shields. 

A  new  series  of  dynamic  tests  of  the 
prototype  Compulsator  will  be  undertaken 
after  the  machine  Is  reassembled.  The 
results  of  this  work  will  be  used  for  the 
design  of  a  large  Inertial-store  pulse 
generator  for  application  In  very  large 
future  laser  systems.  It  Is  anticipated  that 
the  next  generation  machine  will  deliver  the 
order  of  10  megajoules  of  energy  to 
flashlamps  In  less  than  one  millisecond. 


Prototype  Description 

A  picture  of  the  prototype  Compulsator  Is 
given  In  Fig.  1.  It  Is  surrounded  by  a  steel 
torque  frame  and  housed  In  a  six-foot  deep 
pit.  It  Is  driven  by  a  timing  belt  and  a  125 
HP  DC  motor. 


Figure  1.  Prototype  Compulsator 
Installation 


New  codes  to  model  the  Compulsator  have 
now  been  developed  that  are  being  used  to 
treat  this  problem  quantltatl vely.  A 
physical  mockup  of  the  machine  windings  has 
also  been  made,  and  tests  are  underway  to 


An  outline  drawing  of  the  machine  Is 
given  In  Fig.  2.  It  has  a  vertical  shaft  and 
a  15-Inch  diameter  by  four-foot  long 
laminated  steel  rotor.  The  torque  frame  Is 
about  five  feet  square  and  six  feet  high 


*  Work  performed  by  the  Lawrence  Livermore  National  Laboratory  and  the  University  of  Texas  at 
Austin  under  the  auspices  of  the  U.S.  Department  of  Energy  under  Contract  No.  W-7405-Eng-48. 
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overall.  The  complete  machine.  Including 
rotor,  poles,  backlron,  bearings,  and  torque 
frame  weighs  22,000  1b. 


wu 


Figure  2.  Components  of  the  Prototype 
Compulsator 


Electrical  Test  Circuit 


The  output  of  the  prototype  Compulsator 
was  designed  to  drive  sixteen  parallel  Shiva 
laser  flashlamps.  Each  lamp  Is  a  15-mm  l.d. 
quartz  tube,  filled  with  300  Torr  xenon,  and 
each  lamp  has  a  44-Inch  arc  length.  The 
simplified  test  circuit  that  drives  these 
lamps  Is  given  In  Fig.  3. 


Figure  3.  Simplified  Test  Circuit 

Flashlamp  balancing  is  achieved  by  use  of 
the  parallel  Inductors  shown  In  each  lamp 
circuit.1  The  fuses  protect  against  faults 
In  these  circuits.  The  diodes  In  the 
Compulsator  circuit  are  used  to  help  the 
Ignltron  switch  extinguish,  preventing 
follow-on  pulses.  In  addition,  a  vacuum 
relay  that  opens  In  about  11  milliseconds  Is 
located  In  the  Compulsator  circuit.  This 
relay  Is  timed  to  open  soon  after  the  first 
zero  crossing  of  the  output  current  pulse. 

The  startup  capacitor  serves  the  dual 
function  of  providing  flashlamp  trigger 
energy  and  Initial  current  flow  through  the 
Compulsator.  At  the  proper  machine  angle, 
the  machine's  computer  sends  a  trigger  pulse 
to  a  master  timing  unit.  This  unit  then 
provides  triggers  to  the  vacuum  relay  and  to 
the  pulse  transformer  that  humps  the 
flashlamp  reflector,  causing  the  lamps  to 


break  down.  The  timing  unit  also  fires  the 
output  Ignltron  switch. 

The  Initial  current  In  the  flashlamps  Is 
In  the  negative  direction,  driven  by  the 
startup  capacitor.  Current  also  flows  In  the 
Compulsator  circuit,  and  the  voltage  across 
the  capacitor  quickly  reverses  direction 
until  It  reaches  the  output  voltage  level  of 
the  machine.  Current  then  flows  In  the 
positive  direction  through  the  flashlamps  as 
energy  Is  delivered  by  the  Compulsator.  The 
Initial  energy  stored  In  the  startup 
capacitor  need  only  be  5X  or  10X  of  the 
energy  delivered  by  the  machine.  With  a 
large  Compulsator,  this  energy  will  probably 
be  2X  or  less. 


Electrical  Monitors 


The  current  In  each  flashlamp  circuit  was 
monitored  with  current  transformers,  or 
“bugs"  designed  for  LLL.  With  these  bugs,  we 
determined  that  lamp  balancing  was  achieved 
In  all  sixteen  circuits  to  within  a  few 
percent.  The  current  from  four  of  the 
sixteen  circuits  was  also  monitored  with  a 
Pearson  50  kA  current  transformer.  The 
voltage  across  the  lamps  was  monitored  with  a 
differential  pair  of  Tektronix  high  voltage 
probes.  The  calibrated  accuracy  of  these 
monitors  was  measured  to  2X  or  better. 
Tektronix  storage  scopes  were  used  to  record 
the  data. 


Measurements  and  Data  Analyses 

The  flashlamp  current  was  monitored  on 
thirteen  discharges  of  the  prototype  machine 
at  nominal  operational  speeds  from  2400  to 
4800  RPM.  A  premature  fault  occurred  Inside 
the  machine  on  a  5400  RPM  shot  that  caused 
damage  to  the  windings.  As  a  result,  this 
series  of  tests  was  terminated  without 
obtaining  the  maximum  speed,  5400  RPM  data. 

Flashlamp  voltage  was  obtained  on  a  few 
shots  late  In  the  series.  Earlier 
measurements  were  invalid  due  to  faulty 
calibration  and  noise  In  the  voltage  probes. 
The  voltage  and  current  traces  from  a  4800 
RPM  shot  are  presented  In  Fig.  4. 


1  millisecond  per  division 

Figure  4.  Run  number  121,  4840  RPM. 

Top  Trace  :  Flashlamp  Voltage,  5  kV/dlvIslon 
Bottom  Trace  :  Flashlamp  Current, 

16  kA/dlvIsion 
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Because  flashlamp  current  measurements 
were  made  on  all  shots  that  were  set  up  to 
provide  an  electrical  output,  the  data  can  be 
compared  by  use  of  the  relationship,2 

W,  -  fkl  3/24t  (1) 

T  P 

This  formula  states  that  the  total  energy 
Wj  delivered  to  the  flashlamps  1$ 
proportional  to  the  peak  current  Ip  to  the 
three-halves  power  times  the  current  pulse 
halfwidth  At.  Two  constants  of 
proportionality  are  used:  k  Is  the  flashlamp 
constant  and  f  Is  a  waveshape  form 
factor.**2  In  the  present  experiment,  k  » 
21.6  for  the  sixteen  parallel  flashlamps. 

The  form  factor  f  varied  between  0.8  and 
about  1.0  on  the  series  of  shots.  For  simple 
triangular  waveshapes,  f  *  0.8.  With  more 
complicated  waveshapes,  f  was  obtained  by 
graphical  Irtegratlon  via  the  formula. 

f  «  (/l3/2dt)/1p3/2At  (2) 

In  reducing  the  data,  the  net  energy  W 
delivered  to  the  flashlamps  by  the 
Compulsator  was  obtained  by  subtracting  the 
energy  stored  In  the  startup  capacitor  from 
Wy,  the  total  energy  received  by  the 
lamps.  This  total  energy,  obtained  by  use  of 
Equations  (1)  and  (2),  Included  the  energy 
delivered  to  the  lamps  In  the  negative 
current  pulse  from  the  startup  capacitor. 


Test  Results 

Data  from  all  of  the  runs  that  were  set 
up  to  provide  electrical  pulses  to  the 
flashlamps  are  summarized  In  Table  1.  In 
Fig.  5,  the  net  energy  delivered  by  the 
Compulsator  to  the  lamps  Is  plotted  versus 
machine  RPM.  (Run  number  120  Is  not  Included 
because  of  low  field  current  on  this  shot.) 

The  curve  W  «  (RPM/225)4  Is  also 
plotted  In  Fig.  5.  The  delivered  energy  from 
the  Compulsator  appears  to  follow  this  fourth 
power  curve  rather  closely.  We  therefore 
determined  a  figure  of  merit  F  from  the 
formula, 

F  -  W/ (RPM/225 ) *  (3) 

that  quantities  the  deviation  from  this 
fourth  power  relationship.  This  number  Is 
given  In  Table  1  for  each  run. 

In  order  to  assess  the  possible  validity 
of  a  fourth  power  law;  we  plotted  the  figure 
of  merit  against  the  mechanical  firing  angle 
9  In  Fig.  6.  Here,  9  Is  the  mechanical 
position  of  the  rotor  when  the  switch 
triggers  are  fired.  Zero  degrees  occurs  at 
the  position  of  minimum  machine  Inductance. 
From  the  two  sets  of  data,  W  versus  RPM  and  F 
versus  0,  we  ascertain  that  the  delivered 
energy  Is  rather  uniquely  determined  by  the 
RPM  of  the  machine  and  by  the  firing  angle 
9.  This  relationship  holds  up  to  4255  RPM, 
provided  the  field  Is  held  constant.  It  can 
be  summarized  by  the  equation: 

W  -  (m9  ♦  b)  (RPM/225)4  («) 


Here,  m  •  -0.0160  and  b  •  0.286  when  the 
machine  Is  fired  after  about  minus  45°  and 
m  »  0.0128  and  b  »  1.57  If  the  machine  fires 
earlier  than  this  optimum  45°  negative 
angle. 


Figure  of  merit  F,  venue 
firing  angle  ter  oompideaaor 
rune  up  to  4386  RPM 

Figure  6 
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The  percent  deviation  6f  the  measured 
value  of  delivered  energy  versus  the 
calculated  value  from  Equation  (4)  Is  given 
In  the  last  column  of  Table  1.  Note  that  all 
measurements  up  through  4255  RPM  fall  within 
about  3*  of  the  calculated  value,  or  well 
within  the  errors  Introduced  In  data 
acquisition  and  reduction. 

In  two  runs,  numbers  84  and  85,  the 
energy  In  the  startup  capacitor  was  Increased 
significantly  {to  31.5  kO  from  12.6  kJ).  We 
had  expected  the  net  delivered  output  of  the 
Compulsator  to  likewise  Increase.  8ut  this 
did  not  appear  to  happen,  since  the  reduced 
data  do  not  show  any  measurable  difference  In 
net  energy.  Because  of  this.  It  may  be 
feasible  to  reduce  the  startup  capacitor  to 
well  below  the  12  kJ  level  without  affecting 
the  delivered  output  energy. 

Three  runs  above  4255  RPM  were  made.  Two 
were  nominally  4800  RPM.  The  first  of  these, 
run  number  120,  was  triggered  when  the  field 
current  was  only  74.8*  of  full  value.  The 
second,  run  number  121,  was  a  normal  shot  as 
far  as  we  could  determine.  The  delivered 
energy,  however,  only  reached  67*  of  the 
value  predicted  by  Equation  (4)  for  the  RPM 
and  firing  angle  chosen.  The  last  shot,  run 


number  122,  was  an  attempt  to  determine  the 
output  energy  at  full  rated  machine  speed. 

An  Internal  fault  caused  damage  to  the 
machine  windings,  however,  terminating  this 
series  of  tests. 

A  computer  model  of  the  complete  test 
circuit  was  made  In  order  to  describe  the 
data  of  the  4840  RPM  shot  number  121.  This 
model  provides  the  best  fit  to  the  data  when 
a  resistive  loss  term  Is  Introduced  that  Is  a 
(1-cosO)  function  of  the  machine  angle.  From 
these  results.  It  Is  apparent  that  eddy 
current  losses  become  significant  In  this 
prototype  machine  at  the  higher  speeds. 

A  new  space  harmonic  model  for  the 
calculation  of  Inductances  and  eddy  currents 
In  machines  of  this  type  has  now  been 
developed.'  Predictions  with  this  model 
are  presently  being  calibrated  and  verified 
by  physical-  measurements,  using  a  mock-up  of 
the  prototype  Compulsator  windings.  The 
results  of  this  work  will  be  Integrated  Into 
the  rebuilding  of  the  prototype  machine.  We 
expect  thereby  to  extend  the  fourth-power 
scaling  to  higher  speeds,  and  to  deliver  up 
to  200  kilojoules  of  energy  Into  the 
flashlamps  at  the  5400  RPM  design  speed. 


Table  1.  Prototype  Compulsator  Electrical  Test  Summary 


RUN 

NUMBER 

RPM 

FIRING 

ANGLE 

(DEGREES) 

STARTUP 

CAPACITOR 

ENERGY 

(JOULES) 

PEAK 

CURRENT 

(amPs) 

CURRENT 

PULSE 

HALF¬ 

WIDTH 

4t 

(msec) 

NET 

ENERGY 

DELIVERED 

TO  FLASH- 
LAMPS 

W 

(kJ) 

FIGURE 

OF 

MERIT 

F 

DEVIATION 

OF  NET 

ENERGY 

FROM  FOURTH 
POWER  LAW 
(*) 

69 

2450 

49 

10976 

8000 

1420 

13.1 

0.935 

-0.8 

76 

3280 

20 

10976 

14300 

1100 

27.4 

0.607 

0.2 

78 

3200 

28 

10976 

12900 

1400 

30.1 

0.736 

0.3 

79 

3640 

30 

10976 

18500 

1300 

51.6 

0.757 

-1.1 

80 

3680 

31 

10976 

18600 

1520 

57.2 

0.798 

2.1 

81 

3730 

43 

10976 

18200 

1820 

71.0 

0.943 

-3.2 

82 

3640 

41 

12600 

17400 

1700 

64.5 

0.946 

1.2 

84 

3700 

38 

31500 

23800 

1290 

67.0 

0.921 

3.0 

85 

3700 

45 

31500 

19200 

1880 

73.1 

1.000 

0.2 

94 

3750 

52 

12600 

17500 

154C 

69.8 

0.904 

0.0 

119 

4255 

48 

12600 

25300 

1610 

122.7 

0.959 

-0.4 

120 

4800 

50 

12600 

20500 

1290 

69.6 

0.336 

-63.9 

LOW  FIELD 

(74.8*  OF 

NORMAL) 

121 

4840 

47 

12600 

30200 

1300 

139.3 

0.589 

-32.7 

122 

5360 

- 

12600 

EARLY  FAULT 

• 

* 

* 
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HIGH  POWER  PULSE  GENERATORS  FOR  FAST  PULSED  MAGNETS 


DEVELPPHEflTS  AND  BPBflTnroL  EXPEffTEICr 

H.  Kuhn  and  G.H.  SchrSder 
CERN,  Geneva,  Switzerland 


SUMMARY 

The  paper  deecribea  in  its  first  part  the  design  of 
a  prototype  pulse  generator  for  the  new  inflector  of 
the  CERN  SPS.  After  a  short  explanation  of  the  future 
SPS  injection  scheme,  the  electrical  and  nechanical 
design  is  treated  in  detail.  The  generator,  equipped 
with  5  double  ended  ceramic  thyratrone,  ia  designed  for 
a  abort  pulse  rise  ties  and  low  pulse  to  pulse  jitter. 

The  paper  presents  furthermore  the  developments  and 
the  operational  experience  with  4  faat  pulsed  magnet 
systems,  which  contain  29  high  voltage  thyratrons  and 
48  ignitrona  and  which  are  since  1976  in  continuous 
operation  in  the  SPS.  The  pulse  modulators  of  these 
systems  generate  quasi  rectangular  pulses  of  up  to 
10  kA,  30  kV  amplitudes  and  up  to  25  pa  duration  with 
a  pulse  repetition  time  of  1  to  10  s.  The  power  swit¬ 
ches  are  double  ended  ceramic  thyratrons, some  of  which 
are  by -passed  by  3  ignitrons  in  aeries. 


1.  Introduction 

The  European  Organisation  for  Nuclear  Research 
(CERN)  operates  since  1976  a  Proton  Synchrotron  of  a 
maximum  energy  of  400  GeV  (SPS)  located  on  the  frsnco- 
swiss  border  near  Geneva.  The  circular  accelerator  with 
a  circumference  of  about  7  km  is  housed  in  a  tunnel 
which  is  built  in  the  stable  rock  down  to  60  a  under- 
grouid.  The  accelerator  is  shipped  with  4  different 
fast  pulsed  magnet  systems  for  the  deflection  of  the 
proton  bean  during  one  revolution  of  23  pa  or  pert  of 
it.  They  are  used  for  : 

-  injection  of  the  beam  from  a  preaccelerator  at 
an  energy  of  10  GeV 

-  fast  extraction  or  the  accelerated  beam  at  ener¬ 
gies  between  200  and  400  GeV  for  beam  transfer 
towards  the  experimental  areas 

-  internal  bean  d imping  onto  an  absorber  block  in 
case  of  equipment  failure  or  operation  faults 

•  the  measurement  of  the  betatron  tunes  of  the 
machine. 

A  feat  pulsed  magnet  syaten  consists  typically  of  > 

-  line  type  pulse  generators  supplying  quasi  rec¬ 
tangular  current  pulses  of  up  to  10  kA  amplitude 
and  up  to  23  m*  duration  and  located  in  a  surface 
building 

-  coaxial  transmisaion  lines  of  up  to  300  a  length 
connecting  the  generator  to  tha  ferrite  magnets 
located  in  the  underground  tunnel 

-  ferrite  magnets,  built  as  limped  par  master  delay 
linea  and  working  in  ultra  high  vac  urn 

-  termination  reaiatora  matched  to  the  characteris¬ 
tic  impedance  of  generator,  transmission  line  and 
magnet  and  absorbing  the  pulse  energy  of  up  to 
7.5  kJ  energy  supplied  by  the  generator. 

The  systems  used  in  the  SPS  have  been  presented 
at  the  12th  Modulator  Symposium  in  1976. 1 


2.  Prototype  of  a  Line-type  Puly  Generator 
for  the  new  sP§  Proton  Inflector 

2.1  Purpose 

At  present,  the  SPS  accelerates  about  once  every 
10  8  more  than  2.1013  protons  which  are  shared  between 
about  15  physics  experiments.  There  ia  a  need  to  in¬ 
crease  this  intensity  and  the  SPS  intensity  improvement 
program  established  in  1977.  foreaeea  to  bring  the 
intensity  to  more  than  3. 10^  protons  per  pulse,  mainly 
by  extending  the  rf  system  and  modifying  the  injection 
scheme. 2  This  requires,  amongst  other  modifications, 
the  construction  of  a  faster  and  more  powerful  SPS  in¬ 
flector  . 

The  presently  used  injection  scheme  is  shown  schema¬ 
tically  in  Fig.  1  : 

FUTUK  5  WtH 


Fig.  1  -  Present  and  future  injection  schemes 
of  the  SPS 

The  protons  ara  injected  with  a  momentum  of  10  GeV/c 
from  an  injection  synchrotron  (CPS),  the  diameter  of 
which  is  11  tinea  smaller  than  that  of  the  SPS.  The 
operation  of  the  SPS  started  with  extraction  of  the 
bean  from  the  CPS  during  10  CPS  revolutions,  filling 
in  this  way  10/llth  of  tha  SPS  and  leaving  1/llth 
(2.1  pa)  to  allow  the  magnetic  field  in  the  Inflector 
magnet  to  fall  to  zero  before  the  circulating  protons 
arrive  again  after  their  first  revolution. 

To  increase  the  intensity  of  tha  SPS,  the  CPS  can 
accelerate  repeatedly  protons  which  are  extracted  in  , 
batches  of  shorter  duration  and  placed  successively  / 
arouid  the  circumference  of  the  SPS.  They  are  held  I 
circulating  at  injection  energy  until  tha  SPS  ring  ia  - 
filled  and  their  common  acceleration  can  start.  For  the 
moment,  two  proton  batchee  with  a  duration  of  10.5  pa 
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are  injected.  The  presently  instslled  inflector  has  a 
rise  and  fall  tine  of  the  Magnetic  field  of  0.75  pa 
which  peraits  even  3-batch  injection. 

The  SPS  intensity  iaproveaent  project  foresees  the 
injection  of  up  to  5  proton  batches  and  an  accelerated 
intensity  of  at  least  3.1015  protons  per  pulse.  In  addi¬ 
tion,  the  future  p art-tune  use  of  the  SPS  se  a  proton 
-  antiproton  collider  at  270  GeV/c  calls  for  the  injec¬ 
tion  of  up  to  6  short  proton  bunches  at  26  GeV/c. 

The  rise  and  fall  tines  of  the  Magnetic  field  of 
the  presently  installed  inflector  are  too  long  to  allow 
5-batch  injection  and  the  deflection  strength  is  insuf¬ 
ficient  for  the  injection  of  protons  at  26  GeV/c.  A  new 
fast  inflector  is  therefore  uider  construction  allowing 
the  injection  of  2  to  5  proton  batches  froa  the  CPS. 

The  following  chapters  describe  the  design  and  the 
performances  of  a  prototype  ays tea. 


2.2  Design  Principle 

A  fast  pulsed  magnet  systen  must  meet  two  require¬ 
ments  which  are  contradictory,  i.e.  a  high  deflection 
strength  and  a  short  rise  time  of  the  magnetic  field. 
Both  properties  are,  for  a  given  operational  voltage, 
proportional  to  the  product  of  the  electric  current 
passing  through  the  magnet  and  its  length. 

In  order  to  meet  the  contradictory  requirements, 
the  length  must  be  reduced  by  splitting  the  Magnet 
system  into  several  independently  powered  modules.  The 
new  inflector  requires  12  magnet  modules  which  are  con¬ 
nected  in  pairs  to  6  pulse  generators.  A  block  diagram 
of  one  fast  pulsed  magnet  circuit  is  shown  in  fig.  2. 
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fig.  2  -  Bloc  diagram  of  fast  pulsed  magnet  circuit 


A  power  supply  charges  the  pulse  forming  network 
(pfn)  to  a  naximua  voltage  of  60  kV.  Then  the  pfn  is 
discharged  by  fast  electronic  switches  through  Matched 
transmission  lines  into  the  magnet  modules  which  are 
terminated  by  matched  resistors. 

Three  switches  era  necessary  in  order  to  get  a  fsst 
rise  and  fall  tine  and  an  adjustable  pulse  duration  :J 

•  a  main  switch  to  initiate  the  discharge 

-  a  clipper  switch  to  shortsn  the  fall  tine 

-  a  dime  switch  to  change  the  pules  lsngth  and  to 
allow  the  absorption  of  the  tail  of  the  pulse  in 
the  dwp  resistor. 


A  transmission  line  of  180  n  length  connects  the 
generators,  housed  in  a  building  at  surface  level,  to 
the  magnets  in  the  accelerator  tunnel.  Each  line  con¬ 
sists  of  several  coaxial  cables,  type  RG  220/U,  with 
a  characteristic  impedance  of  50  Ohm,  connected  in 
parallel. 

Each  fast  pulsed  magnet  has  an  equivalent  circuit 
in  the  fora  of  a  lumped  parameter  delay  line  with  a 
characteristic  impedance  of  twice  that  of  the  pfn.  The 
pulse  travels  therefore  through  the  magnet  without  major 
deformation  and  is  absorbed  in  the  terminating  resistor. 

To  meet  the  requirements  of  the  different  injection 
schemes,  the  generator  must  have  a  pulse  duration  of 
up  to  10.5  ps  to  allow  2-batch  injection,  for  5-batch 
injection  a  pulse  duration  of  only  4.2  ps  is  required, 
for  the  purpose  of  testing  the  thyratrons  the  prototype 
has  been  designed  for  a  pulse  duration  of  24  ps. 

The  kick  rise  time  is  determined  by  the  distance 
between  adjacent  batches,  whereas  the  kick  fall  time 
is  given  by  the  duration  of  the  large  gap  between  batch 
5  and  batch  1.  Originally,  the  duration  of  the  large 
gap  was  fixed  to  1.5  pa,  leaving  0.15  pa  as  distance 
between  adjacent  batches.  The  kick  rise  time  was  there¬ 
fore  chosen  to  be  0.10  ps.  In  the  meantime,  the  large 
gap  has  been  shortened  and  the  distance  between  adja¬ 
cent  batches  increased  as  shown  in  fig.  1. 

The  main  parameters  of  the  prototype  inflector  are 
listed  in  Table  li4 


Table  1 


Main  System  Parameters 


Maximus  generator  voltage 

60  kV 

Characteristic  impedance 

8.33  Ohm 

Current  amplitude 

3.6 

kA 

Pulse  duration 

0.5 

ps  to 

24  ps 

Generator  rise  time 

40 

ns 

Generator  fall  time 

380 

ns 

Magnet  filling  time 

70 

ns 

Kick  rise  time  (  2  tD  985) 

100 

ns 

Kick  fall  time  (98  to  25) 

400 

ns 

flat  top  ripple 

<  ♦ 

IX 

Pulse  repetition  time 

5  pulses. 

0.6  s  apert 

within  12 

s 

2.3  Pulse  forming  Network 

2.3.1  Design  Philosophy:  Experience  gained  in 
recent  years  in  the  operation  of  high  power  pulse  for¬ 
ming  networks  equipped  with  3  independently  triggered 
thyratron  switches  has  shown  that  careful  aceening  of 
the  switches  is  necessary  to  avoid  erratic  firings  of 
the  2nd  and  3rd  switch  caused  by  electromegnetic  pickup 
from  the  1st  switch. 

Prototype  test  started  in  1972  with  all  3  switches 
housed  in  one  common  tank.5  Because  of  interference 
between  the  switches  this  design  was  abandoned  in  fa¬ 
vour  of  a  separate  housing  for  the  dusp  switch.  Main 
and  clipper  switches,  which  have  s  common  anode  connec¬ 
tion,  remained  however  in  the  same  tank.  Both  switch 
tanks  were  then  connected  via  short  cables  to  the  pfn 
tank.  This  type  of  generator  is  operating  in  the  SPS 
(Pig. 3)1 

Nevertheless,  special  measures,  described  in  chapter 
3.2  had  to  be  taken  to  avoid  the  clipper  switch  being 
triggered  by  the  discharge  of  the  main  switch,  especial¬ 
ly  for  generators  with  a  short  rise  time. 


Fig.  3  -  Pulse  generators  of  the  fast  extraction  sy- 
etas i.  The  square  tanka  in  the  center  house 
the  pulse  forming  networks,  the  romd  tanks 
on  the  right  hand  side  the  main  and  the  clip¬ 
per  switches (and  the  round  tank  on  the  left 
hand  side  the  duap  switch 


For  the  design  of  the  new  inflector  whose  rise  time 
is  particularly  short,  it  appeared  therefore  imperative 
to  house  all  three  switches  in  separate  tanks.  To  avoid 
stray  inductances  between  the  pfn  and  the  switches,  the 
latter  are  mounted  directly  on  top  of  the  pfn  (Fig. 4). 


rig.  *  -  Prototype  pulse  generator  of  the  new  SPS  in¬ 
flector.  The  3  switches  are  moirted  in  sepa¬ 
rate  tanks  on  top  of  the  pfn.  The  cylindrical 
housings  of  the  capacitors  are  visible  under 
the  pfn  tank.  On  the  right  the  transmission 
line  to  the  magnet,  built  up  of  6  coaxial 
cables  type  RG  220/U  connected  in  parallel. 


The  physical  separation  between  the  cowion  anode 
connection  of  mein  and  clipper  switches  introduces  how¬ 
ever  a  stray  inductance  which  increases  either  the  rise 
or  the  fell  time  of  the  pulse  depending  on  the  position 
of  the  front  matching  cell  of  the  pfn.  This  stray  in¬ 
ductance  has  been  minimized  by  connecting  a  stripline 


which  is  matched  to  the  characteristic  impedance  of  the 
pfn  between  the  anodes  of  main  and  clipper  switches. 
This  stripline  is  housed  in  the  pfn.  At  both  ends  of 
the  atriplins,  front  matching  cells  for  rise  time  im¬ 
provement  are  added. 

The  lowest  ripple  an  the  flat  top  of  the  current 
pulse  is  obtained  when  the  cells  of  the  pfn  are  aligned 
in  one  row.  This  arrangeaMnt  is  however  inconvenient 
for  the  construction  of  the  pfn  tank.  Experience  with 
the  existing  pfn's  has  shown  that  a  serpentine  arrange¬ 
ment  of  the  cells,  which  is  more  suitable  for  the  tank 
construction  has  two  major  drawbacks 

-  The  ripple  is  relatively  high  because  of  a  change 
in  the  mutual  inductance  be ween  the  cells  at  the 
position  of  the  bends. 

-  The  ripple  changes  when  the  pulse  length  ia 
varied.  This  is  due  to  electro-magnetic  inter¬ 
ference  between  two  adjacent  rows  and  is  overcome 
by  screening  the  coils. 

In  order  to  avoid  these  drawbacks  the  following 
layout  has  been  chosen  as  illustrated  in  Fig.  3  : 


Fig.  5  -  View  into  the  tank  of  the  pulse  forming  net¬ 
work.  The  LC- ladder  network  ia  mounted  along 
the  border  of  the  tank.  The  coaxial  connec¬ 
tions  to  the  3  switches  and  the  stripline  are 
mointed  along  the  central  axis. 


The  cells  are  aligned  in  only  2  1/2  rows  as  com¬ 
pared  to  3  rows  for  the  old  inflector. 

The  first  8  cells  are  arranged  in  a  straight 
line  in  order  not  to  perturb  the  beginning  of 
the  pulse  which  ia  particularly  sensitive  to 
mismatch. 

The  2  full  rows  are  located  near  the  tank  borders 
in  order  to  keep  them  aeparatsd. 

The  coil  diameter  is  rather  small  in  order  to 
confine  batter  the  atrayfiald. 


Tha  connections  to  the  3  switches  as  well  as  the 
stripline  are  mounted  along  the  central  axis 
between  the  rows  of  cells. 
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-  The  8  last  cells  on  the  axis  are  discharged  at 
the  end  of  the  pulse  and  are  therefore  less  sen¬ 
sitive  to  interference  from  the  other  rows. 

The  equivalent  circuit  of  the  pulse  generator  is 
jiven  in  Fig.  6. 


Fig.  6  -  Equivalent  circuit  of  the  pulse  generator 


2.3.2  Rise  Time;  The  rise  time  of  the  current  pulse 
is  mainly  determined  by  the  characteristic  impedance 
of  the  pulse  generator,  the  unmatched  stray  inductance 
of  the  main  thyratron  and  its  plasma  formation  time. 


2.3.3  Fall  Time;  The  fall  time  of  the  current  pulse 
is,  in  first  instance,  determinated  by  the  stray  induc¬ 
tances  in  the  branches  of  the  clipper  switch  and  the' 
main  switch  and  by  the  characteristic  impedance  of  the 
pfn. 


Due  to  the  introduction  of  the  matched  stripline 
between  main  and  clipper  switches,  the  total  stray  in¬ 
ductance  in  the  branch  of  the  main  switch  could  be  kept 
small,  resulting  in  a  fall  time  of  the  current  pulse  of 
about  400  ns.  Fig.  8  gives  an  oscillogram  of  the  fall 
time. 


3.6  kA 


0 


Fig.  8  -  Pulse  fall  time 


The  unmatched  stray  inductance  of  the  main  thy¬ 
ratron  is  estimated  to  be  about  140  nH,  giving  a  rise 
time  contribution  of  about  25  ns. 

The  plasma  formation  time  of  the  thyratron  becomes 
shorter  for  a  higher  gas  pressure  in  the  tube.  High  gas 
pressure  increases  however  the  likelihood  of  premature 
firings. 

To  obtain  a  reliable  operation  at  high  gaa  pressure, 
the  generator  is  charged  via  a  resonant  charging  power 
supply  which  supplies  voltage  to  the  thyratron  only  a 
few  milliaeconds  before  its  turn  on.6  Erratic  firing 
is  thus  strongly  reduced  even  at  high  gas  pressure, 
because  of  the  short  time  that  the  thyratron  has  to 
withstand  high  voltage. 

The  contribution  of  the  ".tray  inductance  of  the 
front  matching  cell  to  the  pulse  rise  time  is  small, 
because  the  stripline  as  part  o'  the  front  matching 
cell  has  a  very  small  stray  inductance.  The  parameters 
of  the  two  front  matching  cells  si  both  ends  of  the 
stripl-ine  have  been  adjusted  empirically. 

The  rising  edge  of  the  pulse  at  a  reservoir  voltage 
of  6  V  is  shown  in  Fig.  7. 


H  I— 


20  ns 

Fig.  7  -  Pulse  rise  time  and  time  Jitter  measured  on 
one  of  the  two  termination  resistors. 

For  the  jitter  measurements,  2  x  5  pulses  are 
super impoeed  within  s  time  interval  of  3  h. 


2.3.4  Flat  Top  Ripple:  As  a  result  of  the  compara¬ 
bly  large  mmiber  of  39  pfn  cells  and  their  arrangement 
in  only  2  1/2  straight  lines  with  few  bends,  a  flat  top 
ripple  of  less  than  +15  is  obtained  as  shown  in  Fig. 9. 
The  pulsed  magnet  field  of  about  12  pa  duration  as  re¬ 
quired  for  2-batch  injection  ia  given  in  Fig.  10. 


Fig.  9  -  Flat  top  ripple 


Fig.  10  -  Pulse  of  the  magnetic  field  in  the  kicker 
magnet,  corresponding  to  a  charging  voltage 
of  60  kV. 
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2.3.5  Construction;  The  39  regular  cells  of  the  pfn 
ere  composed  of  capacitors  of  40  nF  and  aolenoida  of 
2.78  pH.  The  capacitors,  made  by  LCC  (France)  have  an 
Insulating  outer  case  of  cylindrical  shape  with  a 
length  of  520  mi  and  a  dimeter  of  170  me. 

The  dielectric  is  a  paper  mylar  mixture  impregnated 
in  mineral  oil  and  designed  for  an  operation  voltage 
of  65  kV. 

The  capacitors  are  mounted  in  cylindrical  stainless 
steel  pots  of  475  mm  length  and  180  mi  diameter,  which 
are  fixed  vertically  into  the  base  plate  of  the  pfn  tank. 
This  type  of  construction  provides  a  low  inductance 
coaxial  return  path  and  minimises  the  quantity  of  sili¬ 
con  fluid  required  for  insulation.  The  use  of  mineral 
oil  is  excluded  because  of  fire  hazards. 

The  inductor  solenoids  are  copper  spirals  of  60  mm 
diameter  and  an  adjustable  length  of  about  200  am.  They 
are  mounted  horizontally  between  the  h.t.  electrodes 
of  the  capacitors  as  shown  in  Fig.  5. 


2.4  Switches 

2.4.1  Choice  of  Switch  Type;  CERN  has  excellent 
operational  experience  with  the  deuterium  filled,  three 
gap,  double  ended  thyratron  with  a  ceramic  envelope, 
type  CX11718,  manufactured  by  English  Electric  Valve 
Company  (EEV),  for  the  switching  of  current  pulses  of 
up  to  10  kA  and  a  duration  of  up  to  25  pa.  The  tube  is 
electrically  symmetrical,  with  identical  cathode  and 
grid  assemblies  at  both  ends.  The  choice  of  this  thyra- 
tron  as  switch  for  the  new  SPS  inflector  was  therefore 
rather  obvious. 

The  parallel  connection  of  ignitrons,  as  in  pre¬ 
vious  switches1  wee  however  avoided  since  this  would 
have  complicated  considerably  the  switch  construction. 
To  obtain  a  fast  rising  pulse,  the  ignitron  anode 
should  be  connected  directly  to  the  pfn  and  hence  be 
at  the  bottom  of  the  switch  whereas  the  cathode  should 
be  near  the  top.  This  position  is  however  not  possible 
because  of  the  liquid  mercury  cathode  of  the  ignitrons. 

Nevertheless,  the  switch  has  bean  tested  with  a 
pulse  duration  of  25  pa  in  order  to  repeat  in  more 
detail  earlier  test  on  the  switching  behaviour  of  the 
thyratrons  for  pulses  of  long  durstion. 

2.4.2  Electrlcsl  Desloni  The  electrical  circuit 
of  the  thyratron  is  shown  in  Fig.  11. 

The  voltage  divider  which  provides  the  potentials  for 
the  gradient  grids  is  mounted  around  the  thyratron. 

Each  of  the  three  resistors  of  10  NsgOhm  la  made  up  of 
36  agglomerated  carbon  rssiatora  in  seriss  and  compen¬ 
sated  by  ceramic  capacitors  of  500  pF  and  30  kV. 

It  was  found  experimentally  at  English  Electric 
Valve  Co  and  at  CERN  that  the  voltage  holding  and  hence 
the  lifetime  of  the  thyratron  may  be  substantially 
improved,  if  the  value  of  the  two  resistors  which  con¬ 
nect  the  gradient  grids  to  the  potential  divider  la  in¬ 
creased  from  47  Ohm  to  470  Ohm. 

2.4.3  Jitter i  A  large  effort  haa  bean  mads  to  de¬ 
crease  the  variation  of  the  pulse  to  pulse  anode  daisy 
(jitter).  Measurements  have  been  executed  on  a  heated 
thyratron  by  observing  the  momant  of  breakdown  of  the 
trigger  pulse  on  the  control  grid  2.  This  corresponds 
almost  to  the  anode  jitter  and  avoids  to  apply  high 
voltage  to  the  thyratron  which  facilitates  experimen¬ 
tation  . 
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Fig.  11  -  Electrical  circuit  of  the  double  cathode 
thyratron  CX  11718 


It  was  found,  that  the  jitter  is  indepedant  of 
the  voltage  and  the  rise  time  of  the  trigger  pulse, 
provided  that  the  former  is  above  500  V,  and  the  latter 
shorter  than  the  anode  delay  time.  The  jitter  becaae 
almost  zero  when  the  trigger  pulee  was  synchronised 
with  the  mains,  an  indication  that  meins  ripple  is  at 
the  origin  of  the  jitter. 

Improved  filtering  of  the  dc  supply  to  control  grid  1 
and  stabilisation  of  the  grid  1  currant  by  means  of 
constant  current  diodes  brought  a  substantial  improve¬ 
ment.  Adding  furthermore  a  filter  capacitor  to  control 
grid  2  and  splitting  the  trigger  pulse  via  an  R-C  net¬ 
work  between  the  control  grids  1  and  2,  resulted  in  a 
jitter  of  less  than  2  ns.  The  improved  cathode  supply 
circuit  is  shown  in  Fig.  12.  Jitter  measurements  at  an 
anode  voltage  of  60  kV  confirmed  the  results  as  given 
in  Fig.  7. 


2.5  Operational  Results 

The  pulse  generator  has  been  operated  at  a  charging 
voltage  of  60  kV  corresponding  to  a  current  of  3.6  kA 
and  a  peak  power  of  108  MM.  The  pulaslength  was  adjus¬ 
ted  to  25  pa.  The  power  supply  was  pulaad  with  s  train 
of  5  pulses  at  0.5  a  interval  followed  by  a  rest  period 
of  2.5  s.  The  reservoir  voltage  was  initially  set  to 

5.6  V  and  after  105  pulses  increased  to  6.0  V. 

The  mein  thyratron,  which  was  still  equipped  with 
decoupling  resistors  in  the  gradient  grid  circuits  of 
47  Ohm,  started  to  show  signs  of  deterioration  after 
8.10°  pulses.  The  rate  of  erratic  firing  became  ^>out 
1  in  100  pulses.  Theses  results  confirmed  earlier  teats 
carried  out  in  1973.' 

A  new  thyratron  was  then  installed  and  the  pulse 
duration  reduced  to  17  pe.  It  performed  perfect  at  re¬ 
servoir  voltages  of  up  to  6.1  V.  The  lifstsst  warn  stop¬ 
ped  after  10'  pulses  at  60  kV.  The  rats  of  erratic 
firings  was  less  than  1  in  10°  pulses,  which  is  our 
limit  of  detection.  At  the  end  of  this  test  the  Jitter 
was  still  less  than  2  ns.  This  second  thyratron  waa 
equipped  with  decoupling  reeistors  on  the  gradient 
grids  of  470  Ohm,  which  say  be,  besides  the  reduction 
in  pulse  duration,  a  reason  of  its  better  performance. 
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Fig.  12  -  Cathode  heater  supply  of  thyratron  CX  11718  in  the  main  switch 


Since  Hay  1975,  a  total  of  29  high  power  switches 
are  in  operation  in  the  four  different  feat  pulaea 
Magnet  syateaa  around  the  SPS  machine.  Six  of  them  are 
EEV  thyratrons  type  CX  115*  8,  7  are  of  type  CX  1171  B 
and  16  are  "Thyragnitron"  systems  using  a  thyratron 
CX  1171  8  bypassed  by  3  EEV  tgnitrona  type  7703  in 
series.  Each  system  has  conducted  about  10 7  pulses  and 
has  operated  about  30  000  hours.  During  this  period  of 
5  years  20  thyratrons  type  CX  1171  8  have  been  repla¬ 
ced  after  in  general  more  than  12  000  filmsent  hours, 
mainly  because  of  insufficient  voltage  holding.  Among 
the  29  thyratrons  actually  in  service,  7  operate  since 
more  than  10  000  h  and  9  since  more  than  20  000  h. 


3.2  fhe  "Thy 


nitron"  Switch 


Because  of  the  fast  rising  anode  voltage  during 
resonant  charging  of  the  pfn,  the  potential  dividers 
of  the  tgnitrona  and  the  thyratrons  are  dynamically 
compensated  by  caramic  capacitors  of  500  pF  per  gap  and 
rated  for  30  kV,  During  the  first  year  of  operation, 
s.  'sral  of  the  compensating  capacitor*  in  the  ignitron 
chain  failed  despite  their  large  overvoltage  protection 
factor,  destroying  at  the  asm*  time  the  glass  structure 
of  the  anode*  of  the  ignitron*. 


This  failure  could  be  explained  as  follow*.  If  one 
of  the  tgnitrona  fir**  erratically  prior  to  the  thyra¬ 
tron,  the  full  charging  voltage  is  still  applied  to  the 
ignitron  chain.  A  second  ignitron  starts  then  conduc¬ 
tion  bee ■ use  its  anode  voltage  is  suddenly  increased. 


The  third  one  in  the  chein  and  hence  ita  parailei  capa¬ 
citor  gate  the  full  charging  voltage  which  destroyee 
the  capacitor.  Therefore  two  1000  pf  capacitors  in 
series,  each  with  a  rated  voltage  of  30  kV  have  been 
installed  on  each  ignitron.  Tbi*  has  cured  the  fault. 
Fig.  13  and  1*  show  the  ignitron  chain  with  ita  compan- 
aating  capacitor*  before  and  after  aaaeably. 


Fig.  13  -  Ignitron  chain  before  aaaeably. 

Between  the  ignitrona  type  EXV  7703  are  the 
resistive  voltage  divider*  and  tha  caramic 
capacitor*  for  frequency  compensation. 


Soma  other  rat*  failure*  in  th*  "Thyragnitron" 
switches  war*  caused  by  th*  ignitrona  fallling  to  firs 
so  that  th#  thyratron  had  to  conduct  tha  total  pule# 
and  wa*  destroyed  (***  also  chapter  3.3). 
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The  life  expectance  for  ignitrons  ia  of  the  same 
order  of  magnitude  aa  for  thyratrona.  Apart  from  the 
capacitor  faulta  described  above, at  some  rare  occasions 
ignitrons  failed  to  fire  because  the  ohmic  resistance 
between  ignitor  and  cathode  had  strongly  decreased. 


Fig.  14  -  Ignitron  chain  assembled. 

The  resistors  inside  the  voltage  divider  pots 
heat  the  anodes  of  the  ignitrons,  providing 
a  temperature  difference  between  anodes  and 
cathodes  which  assures  a  very  reliable  opera¬ 
tion. 


3.3  The  Screened  Grid  Thvratron 

The  pulse  generators  presently  in  operation  at  the 
SPS  have  a  common  tank  for  the  main  and  the  clipper 
switches  in  order  to  keep  the  inductance  between  both 
switches  low.  As  already  mentioned  in  chapter  2.3.1, 
the  clipper  switch  has  the  tendency  to  turn-on  prema¬ 
turely  with  the  discharges  of  the  main  switch  so  that 
the  current  pulse  is  shortcircuited. 

One  of  the  causes  for  the  malfunctioning  is  the 
capacitance  between  the  anode  and  the  control  grid  2 
of  the -clipper  switch  which  transmits  the  negative  Jimp 
of  the  clipper  anode  at  the  trigger  instant  of  the  main 
switch  to  the  clipper  control  grid.  This  causes  oscilla¬ 
tions  of  the  clipper  control  grid,  which  can  turn-on 
the  switch. 


rents  coming  from  the  anode  before  they  can  reach  the 
control  grids.  This  thyratron  has  the  type  designation 
CX  1171  C.  It  has  the  same  outer  dimensions  as  the  type 
CX  1171  B  and  can  therefore  directly  replace  the  latter. 

A  prototype  has  recently  been  tested  in  the  fast 
extraction  system  of  the  SPS.  It  was  installed  in  a 
main-clipper  tank  without  the  aforementioned  blocking 
circuit  between  grid  2  and  cathode. 

Pulsing  the  generator  with  a  charging  voltage  of 
60  kV,  the  reservoir  voltage  of  the  main  switch  had  to 
be  raised  from  the  original  4.8  V  to  S.6  V  before  the 
effect  reappeared.  At  a  reservoir  voltage  of  $.6  V  the 
new  type  of  thyratron  performed  perfectly.  The  anode 
delay  time  ia  slightly  larger  compared  to  a  thyratron 
of  type  CX  1171  B  which  is  however  of  no  importance  in 
this  application.  The  new  thyratron  CX  1171  C  has  a 
super! our  performance  from  the  point  of  view  of  pulse 
voltage  hold-off  in  the  clipper  position  and  will  be 
used  for  all  clipper  thyratrona  in  the  fast  pulse  gene¬ 
rators  of  the  SPS. 


3.4 


Limitations  of  Thyratrona  to  Switch  Pulses  of  Long 
Duration 


When  in  1973  the  "Thyragnitron"  was  chosen  as 
main  switch  for  the  SPS  kicker  magnets,  it  could  not 
be  excluded  completely  that,  for  systems  with  compara¬ 
bly  low  pulse  currents,  the  switch  would  also  work 
reliably  without  bypassing  ignitrons.  For  lack  of  time 
and  in  order  to  play  it  safe,  ignitrons  where  installed 
in  all  systems  working  at  a  charging  voltage  of  60  kV.5 
In  the  meantime,  tests  without  ignitrons  have  however 
been  persued.  First  tests  were  made  in  one  of  the  pulse 
generators  of  the  Tast  extraction  system,  which  operate: 
at  a  charging  voltage  of  60  kV  with  a  current  amplitude 
of  3  kA.  The  maximim  pulse  power  is  90  MW  for  25  ps. 
After  several  months  of  operation,  corresponding  to 
about  10°  pulses,  the  thyratrons,  not  backed  up  by  igni¬ 
trons,  started  to  fail. 


A  second  test  was  made,  involuntarie ,  in  the  beam 
d imping  system  which  works  at  a  current  amplitude  of 
10  kA  and  a  pulse  duration  of  25  us,  corresponding  to 
a  pulse  power  of  almost  300  Ml.  Due  to  simultaneous 
faults  of  the  ignitron  trigger  and  the  corresponding 
interlocks,  the  thyratrons  had  to  conduct  the  total 
current.  They  were  damaged  already  after  about  1  000 
pulses.  A  few  pulses  of  25  pa  duration  in  this  power 
range  aay  already  destroy  the  thyratron  itiereas,  if  it 
is  backed  up  by  ignitrons,  the  average  lifetime  of  the 
thyratrons  in  the  beam  duaping  system  is  about  8  000 
hours. 


To  cure  this  affect,  a  capacitor  of  500  pF  in 
series  with  a  resistor  of  50  Ohm  has  been  branched 
between  control  grid  2  and  cathode  of  the  clipper 
thyratron.  This  decreases  the  amplitude  of  the  oscilla¬ 
tions  without  too  much  attenuating  of  the  trigger  pulse. 
It  does  however  not  completely  cure  the  problem.  As  the 
grid  oscillation  on  the  clipper  depends  strongly  on  the 
rate  of  rise  of  the  current  in  the  main  switch,  the  re¬ 
servoir  voltaqe  of  the  latter  haa  also  to  be  decreased 
in  order  to  diminish  the  rate  of  rise  of  the  pulse.  In 
some  cases,  the  reservoir  voltage  of  the  clipper  has 
to  be  lowered  in  addition.  These  aeaauras  tend  however 
to  reduce  the  lifetime  of  the  thyratron  and  can  not  be 
considered  aa  a  long  term  solution. 

In  order  to  solve  the  problem,  EEV  developed  a 
thyratron  with  an  additional  screening  grid  on  the 
anode  aide  of  control  grid  2.  The  grid  is  connected  to 
cathode  potential  and  ehortcircuita  the  capacitive  cur¬ 


A  third  test  is  already  described  in  chapter  2.5. 

A  thyratron  type  CX  1171  B  failed  in  switching  current 
pulses  of  3.6  kA  with  a  duration  of  25  ps  after  about 
10°  pulses.  When  the  pulse  duration  was  reduced  to 
17  us  another  tube  switched  more  than  10'  pulses. 

Furthermore,  at  the  moment  7  thyratrons  are  under 
test  which  switch  pulses  with  a  current  amplitude  of 
4.8  kA  and  a  duration  of  12  ps.  They  work  satisfactory. 

The  two  last  tests  described  are  carried  out  with 
decoupling  resistors  of  470  Oho  between  the  voltage 
divider  and  the  grids  (see  chapter  2.5),  whereas  all 
other  tests  described  were  made  with  resistors  of 
47  Oho.  Since  the  exact  reasons  for  the  influence  of 
these  resistors  on  the  switching  behaviour  at  higher 
ratings  of  current  and  pulse  duration  is  not  known, 
it  is  intended  to  continue  these  tests  for  higher  ra¬ 
tings  with  the  resistors  of  470  Ohm. 
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The  limitations  of  thase  thyratrons  to  switch  pulses 
of  long  duration  can  not  be  determined  in  an  exact  way, 
because  the  field  of  applications  is  vast  and  the  number 
■f  thyratrons  tested  is  too  amsll  to  make  statistically 
alevwit  statements.  Nevertheless,  the  results  presented 
4ay  help  system  designers  to  see  the  possibilities  and 
the  limits  of  these  devices. 


Conclusion 

Oouble  ended  ceramic  thyratrons  bypassed  by  the 
series  connection  of  3  ignitrons  have  proven  in  recent 
years  to  be  reliably  operating  switches  for  currents 
of  at  least  10  kA  and  pulse  durations  of  at  least 
25  pa,  blocking  voltages  of  at  least  60  kV  and  repeti¬ 
tion  rates  of  at  least  1  pps. 

Their  operational  lifetime  apans  from  about  8  000  h 
for  currant  amplitudes  of  10  kA  to  more  than  15  000  h 
for  pulses  of  3  kA. 

Thyratrons  not  being  bypassed  by  ignitrons  have 
switched  pulses  of  3.6  kA/17  us  and  4.8  kA/12  us  more 
than  10  million  times.  Current  rise  times  to  3.6  kA 
within  40  ns  snd  a  pulse  to  pulse  jitter  as  low  as  2  ns 
over  3  h  have  been  obtained. 

In  conclusion,  these  fast  power  switches  offer  a  re¬ 
liable  and  in  nearly  all  aspects  satisfactory  behaviour 
in  the  day  to  day  operation  of  fast  kicker  magnets  in¬ 
stalled  in  a  large  accelerator  complex. 
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Stannary 

Fast  resonant  extraction  of  part  of  the  circulating 
beam  from  the  CERN  400  GeV  Proton  Synchrotron  (SPS)  is 
initiated  by  a  quadrupole  magnet  with  a  linearly  rising 
current.  Efficient  interruption  of  the  extraction  re¬ 
quires  a  change  of  current  from  the  positive  rate  of 
rise  to  a  negative  one  in  a  time  interval  which  is 
short  compared  with  the  shortest  uninterrupted  spill  of 
about  1  ms. 

This  paper  describes  the  pulse  generator  which 
operates  at  a  voltage  of  3  kV  and  which  is  capable  of 
changing  the  current  in  the  inductive  load  within  a 
time  interval  of  less  than  200  us  from  a  positive 
rate  of  rise  of  60  A/ms  to  a  negative  one  of  equal 
value. 

The  most  critical  components  of  the  generator  are 
three  groups  of  three  fast  turn-off  power  thyristors 
in  series,  which  provide  the  forced  caemutation  of  the 
current  in  the  generator.  The  computer-aided  design  of 
the  carautatian  circuit  is  presented  as  well  es  the 
selection  criteria  and  the  electrical  layout  of  the 
thyristor  chains.  Measured  pulse  shapes  and  the  opera¬ 
tional  results  are  discussed. 

1.  Introduction 

The  400  GeV  Proton  Synchrotron  (SPS)  operated  near 
Geneva  by  the  European  Organization  for  Nuclear  Research 
(CERN)  accelerates  about  once  every  10  seconds  more 
than  2  *  101’  protons  to  an  energy  of  up  to  400  GeV. 
After  acceleration  the  protons  are  extracted  from  the 
synchrotron  and  sent  to  the  experimental  areas,  where 
they  are  used  for  experiments  in  elementary  particle 
physics.  The  following  extraction  schemes  are  used: 

a)  Fast  extraction:  Kicker  magnets  are  used  to  ex¬ 
tract  protons  over  one  revolution  of  the  beam  of 
23  us  .  Shorter  spill  times  can  be  obtained 

by  shortening  the  pulses  of  the  fast  kicker 
magnets. 

b)  Slow  extraction:  The  accelerator  Is  tuned  close 
to  a  resonance  which  increases  the  oscillations 
of  the  protons  around  their  central  orbit  in  a 
controlled  way.  The  beam  can  then  be  spilt  out 
continuously  for  more  than  two  seconds. 

c)  Fast  resonant  extraction:  This  is  used  for  spill 
times  in  the  millisecond  range1.  Also  in  this 
scheme  the  accelerator  is  brought  close  to  a  reso¬ 
nance.  Then  a  capacitor  bank  is  discharged 
through  a  quadrupole  magnet  which  tunes  the  accel¬ 
erator  even  closer  to  the  resonance.  The  oscilla¬ 
tions  of  the  protons  around  their  central  orbit 
grew  rapidly  and  the  whole  beam  is  extracted 
within  a  few  Billiseconds . 

Once  these  various  extraction  schemes  performed 
successfully,  the  need  arose  to  extract  a  proton  burst 
of  a  duration  of  about  1  to  2  as  at  an  intermediate 
energy  (for  exaaple  SS0  GeV) ,  and  then  to  accelerate 
the  nmaining  part  of  the  bene  to  the  highest  energy. 
Initially  the  interrupted  fast  resonant  extraction  used 
two  quadrupole  magnets  in  suitable  positions  in  the  main 
ring.  One  of  them  was  supplied  with  a  linearly  rising 


current  for  exciting  the  resonance  and  initiating  the 
extraction  of  the  beam.  When  the  desired  spill-out  was 
obtained,  the  second  quadrupole  magnet  was  excited  with 
a  current  of  the  same  waveform,  but  of  opposite  polar¬ 
ity.  This  tunes  the  accelerator  away  from  the  reso¬ 
nance  and  stops  the  spill-out  of  the  protons.  Also  this 
scheme  worked  satisfactorily2. 

To  simplify  the  operation  and  to  save  space  in  the 
main  ring,  a  pulse  generator  was  developed  which  can 
upon  an  external  trigger  signal  reverse  the  slope  of 
the  current  in  a  quadrupole  magnet  from  a  positive  to 
a  negative  one.  This  made  it  possible  to  operate  the 
required  extraction  mode  with  only  one  generator  con¬ 
nected  to  one  quadrupole  magnet. 

Efficient  interruption  of  the  extraction  requires 
a  polarity  change  fast  with  respect  to  the  shortest 
spill  time  which  is  about  1  ms.  By  using  power  thy¬ 
ristors  of  the  shortest  available  turn-off  time,  the 
reversal  of  the  current  slope  could  be  achieved  within 
200  us  for  a  current  slope  of  60  A/ms  and  a  maxi  mm 
current  of  2S0  A. 

2.  Design  principles 

The  extraction  quadrupole  can  be  Considered  as  an 
inductance  L.  A  linearly  rising  current  is  flowing 
through  the  inductance  when  a  constant  voltage  is  ap-  i 
plied  to  its  terminals.  In  order  to  reverse  the  current 
slope  the  voltage  on  the  terminals  must  be  reversed. 

The  method  used  to  reverse  this  voltage  is  shown  in  the 
basic  equivalent  circuit  of  Fig.  1. 


Fig.  1  Sasic  equivalent  circuit  and  shape  ot  current 
pulse 
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A  resistance  in  series  with  a  diode  is  connected 
in  parallel  to  the  inductance.  When  the  switch  is 
opened,  the  magnet  current  is  forced  to  flew  through 
the  diode  and  the  resistor.  This  reverses  the  voltage 
on  the  magnet.  The  maxima  negative  voltage  is  given  by 

0  -  IR  ,  (1) 

where  I  is  the  magnet  current  at  the  time  of  the  open¬ 
ing  of  the  switch.  The  current  decreases  then  exponen¬ 
tially  with  the  initial  slope  -U/L. 

The  following  parameters  are  imposed  for  the  design 
of  the  pulse  generator.  The  current  should  rise  about 
linearly  to  ISO  A  in  S  to  20  ms.  With  a  magnet  induct¬ 
ance  of  SO  wH  and  an  available  power  supply  with  a  maxi¬ 
ma  voltage  of  3  kV  the  maxims  current  slope  is 
60  A/ns.  The  exact  current  slope  necessary  for  effi¬ 
cient  extraction  is  detetmined  experimentally.  The 
current  slope  must  be  adjustable  in  order  to  operate 
with  different  spill  times  when  necessary.  The  quadru¬ 
ple  magnet  was  originally  designed  for  d.c.  operation; 
it  is  rated  for  a  maximum  voltage  of  3.6  kV. 

The  parameters  imposed  by  the  mode  of  operation  of 
the  extraction  and  the  existing  equipment  are  suitable 
for  the  use  of  power  thyristors  as  the  main  switch. 

This  switch  is  opened  by  means  of  a  conventional  commu¬ 
tation  circuit  using  the  same  type  of  thyristor. 

A  third  thyristor  is  used  for  the  charging  of  the  camnu- 
tation  capacitor.  The  energy  source  of  the  pulse  gene¬ 
rator  is  a  capacitor  bank. 

3.  Circuit  analysis 


3.1  General 


The  basic  circuit  diagram  is  given  in  Fig.  2.  The 
capacitor  bank  Ct  is  charged  to  a  voltage  Ui .  At  a 
,iven  time,  the  thyristors  Thi  and  Thj  are  triggered 
simultaneously,  the  thyristor  Ih2  is  not  yet  triggered. 
The  commutation  capacitor  C2  is  charged  via  Thi  and  Thj 
to  a  voltage  which  is  determined  by  the  ratio  of  the 
voltage  divider  Ri,  Rs,  and  R«.  The  magnet  current  L. 
is  rising  sinusoidally  with  an  initial  rate  of  rise 
Ui/l.  When  the  magnet  current  has  reached  the  desired 
value,  the  thyristor  Thi  is  triggered.  The  magnet  cur¬ 
rent  if|>  which  has  been  flawing  through  Thi ,  is  now 
being  taken  over  by  Thj.  The  thyristor  Thi  becomes 
negatively  biased  by  the  voltage  across  C2  and  turns  off. 
The  magnet  current  continues  to  rise  until  capacitor  C2 
reverses  its  voltage.  The  crowbar  takes  over  the  magnet 
current  and  the  voltage  across  the  magnet  now  rapidly 
reverses  its  polarity.  The  crowbar  resistor  is  chosen 
such  that  the  maximal  negative  voltage  on  the  magnet 
does  not  exceed  the  rated  limit. 

The  circuit  can  be  conveniently  studied  by  consider¬ 
ing  the  following  time  intervals  (Fig.  3): 

-  interval  1  (t«  <  t  <  ti)  for  the  current  rise 

-  interval  2  (ti  <  t  <  t2)  for  the  turn-off  of  the 
main  thyristor 

-  interval  3  (t2  <  t  <  t,)  for  the  voltage  reversal 
of  the  cornu  tat ion  capacitor 

-  interval  *  (t2  <  t  <  t»)  from  the  start  of  con¬ 
duction  in  the  crowbar  circuit  until  the  discon¬ 
nection  of  all  capacitors 

-  interval  5  (t  >  to  for  the  magnet  current  fall. 

An  equivalent  circuit  is  established  for  each  in¬ 
terval,  which  allows  the  determination  of  the  mathema¬ 
tical  equations  for  the  magnet  current  and  voltage. 


Fig.  2  Basic  circuit  diagram 


In  addition  to  the  mathematical  analysis,  the 
electrical  circuit  has  been  studied  by  means  of  a  com¬ 
puter  simulation* .  In  order  to  illustrate  the  calcula¬ 
tions  with  graphs  of  voltage  and  current  waveforms,  a 
typical  set  of  parameters  has  been  analysed  and  plotted 
in  Fig.  4.  The  following  parameters  which  correspond 
to  the  normal  operation  were  used: 


Ri  «  10  0  ,  R2  *  9.6  0  ,  Rj-47  0  ,  R*-0.45£l, 

R,  -  20  kfl  ,  R»  »  10  kfl  , 

Ci  *0.6  mF  ,  C2  * 6.7  uF  ,  C,  »  13.7  uF  , 

L  -  SO  mH  , 

U,  -  3  kV  , 


M  max 


2  SO  A  . 


•m 


Fig.  3  Definition*  of  tin*  intervals  (schematic)  magnet 
currant  during  comutation  (extended  seal*) 
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Fig.  4  Computed  current  end  voltage  waveforms 


5.2  Interval  1  (current  rise,  ta  <  t  <  tQ 

The  equivalent  circuit  for  this  interval  is  given 
in  Fig.  5.  The  parallel  branch  C*,  Cj,  Rit  Rj,  R* 
charges  the  coaoutation  capacitor  C2  approximately  to 
the  voltage: 


u>  • U*  Errors  •  <2> 

As  Cj ,  Cj  «  Ci  and  Rj ,  R«  »  VL/Ci ,  this  branch  can  be 
neglected  here  for  the  calculation  of  the  current  rise. 


Ui 


Fig.  5  Equivalent  circuit  for  interval  1  (current  rite) 


If  the  cornu  tat ion  thyristor  were  not  triggered  the 
current  would  rise  to: 


m 


The  voltage  falls  according  to: 


ui(t)  «  Uie*4t£cos  wt  ♦  sin  ut]  .  (8) 


5-5  Interval  2  (main  thyristor  Thi  turn-off, 
tl.  <  *  <  tg) 

This  interval  starts  with  the  triggering  of  the 
comutation  thyristor  Thi  and  it  ends  when  the  reverse 
main  current  in  Thi  has  fallen  below  a  threshold  defined 
in  Fig.  6  * .  The  equivalent  circuit  is  given  in  Fig.  7. 


Fig.  6  Vo l tag*  and  currant  of  the  main  thyristor  Ihi 
during  turn-off 


The  current  rises  according  to  the  following  equa¬ 
tion: 


iflCt)  •  ^  e*4t  sin  ut 

(3) 

ul  »  uj  -  5l 

(*) 

■  ITT 

(S) 

4  ■  fc  • 

W 

When  thyristor  Thi  is  triggered,  current  flawing 
fraa  the  comutation  capacitor  Cj  decreases  rapidly  the 
current  in  the  main  thyristor  Thi .  The  rate  of  decrease 
is  determined  by  the  inductance  Ls  in  the  loop  consist¬ 
ing  of  Thi  and  Thi,  and  the  voltage  of  the  cauutation 
capacitor  C2: 


dt  1^  ' 

where  U*j  is  the  voltage  of  Ci  at  t  ■  ti  . 

As  the  rate  of  decrease  of  the  current  in  thyris¬ 
tor  Thi  is  faster  than  the  recombination  of  the  charge 
carriers,  the  thyristor  remains  conducting  whan  the 
current  reaches  zero1.  The  current  rises  therefore  wit! 
the  sans  di/dt  in  reverse  direction  to  the  peak  reverse 
recovery  current: 
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and 


:RRM  *  7|-  HE  |  2QS  •  (10) 

The  voltage  of  the  commit at ion  capacitor  C2  decreases 
during  this  interval  by  the  amount: 

au2  »  ^  [iu(ti  -  t,)  -  «•  Qjt]  •  (11) 


The  initial  conditions  for  this  interval  are 


Ul(t2)  *  Ul2 

(17) 

u2'  -tj  *  U22 

(18) 

• 

(19) 

Qo  and  Q_  denote  the  lag  charge  and  the  reverse  re¬ 
covery  charge  of  the  main  thyristor  Thi ,  respectively. 
They  depend  both  on  amplitude  and  rate  of  fall  of  the 
forward  current.  They  are  given  in  the  data  sheets  of 
the  manufacturer.  In  is  the  current  in  thyristor  Thi 
at  t  »  t|. 

It  should  be  noted  that  time  interval  2  is  much 
shorter  than  the  other  intervals  considered. 


,  Th, 

f-H* 


*Ktl 


f 


t*H>f '—wr — ‘ 

hit.  Thj  L$ 


■win 


Fig.  7  Equivalent  circuit 
for  interval  2  (turn-off 
of  the  main  thyristor  Thi) 


Fig.  8  Equivalent  circuit 
for  interval  3  (voltage 
reversal  of  the  commutation 
capacitor  C2) 


3.4  Interval  3  (voltage  reversal  on  the  commutation 

capacitor  C2,  t2  <  t  <  ta) 

This  interval  starts  with  the  turn-off  of  main 
thyristor  Thi  and  stops  when  the  magnet  current  has 
reached  its  maximm  value.  Since  the  main  thyristor 
is  now  in  off-state  the  equivalent  circuit  of  Fig.  8 
is  valid.  Because  of  the  high  characteristic  impedance 
of  the  circuit,  the  resistance  R»  can  be  neglected. 

The  canoutation  thyristor  Th2  has  now  completely  taken 
over  the  load  current.  It  is  supplied  from  the  capaci¬ 
tor  bank  Ci  and  is  reversing  the  voltage  of  the  rela¬ 
tively  small  connutation  capacitor  C2  (Fig.  4d).  The 
circuit  behaviour  is  described  by  the  following  equa¬ 
tions: 


VtJ  ’  _IM2  vdf  sin  ut  ♦  (Ui2  ♦  U22)  cos  ut  (12) 


ij^t)  «  Hi  4.  +  ,UU  ut  ♦  1  cos  uit  (13) 

VL/CS 

«i(t)  ■  -In  ^  sin  ut  ♦  U22  cos  ut  (14) 


with 


and 


cs  ■  crJrfc,  5  c>*  sinc«  c«  «  Cl  . 


(15) 

(16) 


At  t  ■  t2,  the  main  thyristor  Thi  turns  off  and 
branches  the  series  connection  of  Ci  and  C2  to  the 
magnet.  The  voltage  of  the  magnet  junps  then  by  the 
amount  U22.  The  magnet  voltage  is  now  given  by 
Eq.  (12).  It  decreases  approximately  linearly  at  a 
rate  of  Im?/C2.  It  crosses  zero  at  t  ■  tJf  which  de¬ 
fines  the  beginning  of  the  time  interval  4.  IXje  to  the 
voltage  spike  on  the  magnet,  the  slope  of  the  magnet 
current  increases  for  a  short  moment  as  can  be  seen  in 
Fig.  4f . 

For  the  correct  turn-off  of  the  main  thyristor  Thi 
the  circuit  must  provide  a  negative  voltage  to  Thi  long 
enough  for  its  recovery.  This  time  is  called  the  cir¬ 
cuit  turn-off  time  tn  and  it  must  be  longer  than  the 
turn-off  time  of  the  thyristor  t  specified  by  the 
manufacturer  (Fig.  4g).  q 

The  circuit  turn-off  time  tq  is  closely  related  to 
the  duration  of  the  interval  t^  *  tj  -  t2  (see  Fig.  4g 
and  section  4) .  It  is  determined  from  Eq.  (12)  by  set¬ 
ting  uj^t)  -  0: 

-  »  r  s  U.K.  t  c2  .  (20) 

™  %  s  *mT 

Similarly,  the  circuit  turn-off  time  is 


t0  s  J^C2  .  (21) 

4  aM2 


With  the  parameters  of  Section  3.1,  tq  »  47  us. 

During  this  time  interval  the  magnet  current 
continues  to  rise.  This  current  increase  is  determined 
with  Eq.  (13)  using  Eq.  (20).  Remembering  that  I^  is 
the  magnet  current  at  the  beginning  of  interval  3,  the 
current  rises  during  interval  3  by  the  relative  amount 


(22) 


For  the  example  considered  in  Section  3.1, 
* 1-3'- 


3.5  Interval  4  (crowbar  branch  starts  conducting, 
capacitors  are  still  connected.  t2  <  t  <  t>) 

The  equivalent  circuit  is  giver,  in  Fig.  9.  It  is 
characterized  by  the  simultaneous  conduction  of  the 
crowbar  circuit  and  the  branch  of  the  commutation  thy¬ 
ristor  Th2.  The  circuit  is  now  strongly  damped  owing 
to  R2.  The  resistance  Rn  can  be  neglected,  since 
R»  «  R2.  The  equations  for  voltage  and  currents  are: 

“M(t)  *  _IM,  Sq  e"5t  sinh  at  (23> 
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4. 


iM(t)  ’  rMj  e'<5t  [a  sinh  at  *  COsh  a£] 


i>(t)  •  IMj  e'51  [-  |  si 


sinh  at  +  cosh  at 


a2  ■  <52  -  uj 


<murs 


]  (25) 


ptimization  of  the  comm  tat  ion  circuit 


The  aim  of  the  optimization  is  to  reverse  the  cur¬ 
rent  slope  as  fast  as  possible.  As  discussed  in 
Section  3.4,  the  magnet  current  continues  to  rise  after 
the  triggering  of  the  connutation  thyristor  Thj.  This 
is  illustrated  in  the  magnified  view  of  the  magnet  cur¬ 
rent  during  comutation  (Fig.  4f) .  The  current  reaches 
a  maximum  value  after  the  time  ■  tj  -  tj,  which  must 
be  as  short  as  possible. 

According  to  Fig.  4g,  the  time  it,  is  approximately 
related  to  the  circuit  turn-off  tp-,  time  by 


)(X  *  Sf)  ’ 


The  initial  conditions  are 


Vt2>  *  rM,  (30) 

When  the  current  through  the  capacitors  Ci  and  Cj.  falls 
below  the  holding  current  of  the  thyristor  Thj  the 
latter  goes  into  open-state  at  the  time  t». 


o  ^  l 
C,4=k|t)  R2f\ 


Fig.  9  Equivalent  circuit  Fig.  10  Equivalent  cir- 
for  interval  4  (crowbar  cuit  for  interval  5 

starts  conducting)  (current  fall) 


where  Un  denotes  the  voltage  on  the  capacitor  bank  Ci, 
and  U22  the  voltage  on  the  connutation  capacitor  C2  at 
the  time  when  the  main  thyristor  Thi  turns  off  (t2). 
Thus,  the  ratio  t^/tg  is  only  a  function  of  the  ratio 
Ui 2/U2  2 •  The  latter  must  be  as  small  as  possible. 


as  small  as  possible. 


The  voltage  ratio  1)12/1)22  is  given  by  the  voltage 
divider  Rj,  Rs,  and  R* .  U12  is  determined  by  the  de¬ 
sired  linearity  of  the  magnet  current  as  a  function  of 
time  and  U22  must  be  as  high  as  possible.  The  maximum 
vaiue  of  U22  is  limited  by  the  voltage  rating  of  the 
magnet.  If  for  the  circuit  parameters  of  Section  3.1, 
connutation  is  initiated  after  5  ms,  the  voltage  on  the 
capacitor  bank  is  Ut2  «  1.8  kV  when  thyristor  Th,  has 
turned  off.  The  maxima  rated  voltage  of  the  magnet 
being  3.6  kV,  the  optima  voltage  of  the  camutation 
capacitor  C2  is  then  U22  ■  1-8  kV  and  for  the  time  t,, 
follows  t,  ■  2  tn  •  94  us. 


the  turn-off  time  of  the  thyristor  tg.  Normally  the 
latter  has  a  considerable  spread  among  thyristors  of 
the  same  type.  Its  value  depends  strongly  on  the  junc¬ 
tion  temperature,  the  slope  of  the  commutating  current, 
and  the  reverse  blocking  voltage*.  It  is  therefore  ne¬ 
cessary  to  select  thyristors  with  the  shortest  turn-off 
time  tq  and  to  choose  a  circuit  turn-off  time  tq  which 
is  sufficiently  long  (see  Section  S.3). 


S.  Construction 


3.6  Interval  5  (magnet  current  fall,  t  >  U) 

The  equivalent  circuit  of  Fig.  10  is  now  valid. 

.411  thyristors  are  in  open-state  and  the  capacitor 
bank  C1  is  disconnected  from  the  magnet.  The  magnet 
voltage  and  current  are  given  by: 

u^j(t)  -  *  R,)  e't(Rl+R*)/L  (31) 

i„(t)  *  e't(Rl*’U)/L  .  (32) 

i.e.,  the  current  falls  exponentially  to  zero  with  the 
time  constant  L/(R2*R*) . 

The  initial  conditions  are: 


General  lay 


The  CERN  Super  Proton  Synchrotron  (SPS)  is  located 
in  a  circular  tunnel  of  about  7  km  circumference,  built 
in  the  stable  rock  down  to  60  m  underground.  The  pulse 
generator  is  housed  in  an  auxiliary  building  on  the 
surface  and  connected  to  the  quadrupole  magnet  in  the 
accelerator  tunnel  via  a  transmission  line  with  a  length 
of  1180  m.  The  generator  is  remotely  controlled  from 
the  main  control  room,  located  at  about  2  km  from  the 
auxiliary  building. 

5.2  Capacitor  bank 

The  energy  storage  capacitor  bank  consists  of 
29  capacitors  of  0.6  mF  each.  They  are  rated  for  1500  V 
and  a  peak  discharge  current  of  2000  A.  The  series  in¬ 
ductance  of  each  capacitor  is  less  than  600  nH  and  the 
loss  factor  is  less  than  80  *  10“*  at  50  Hz.  The  di¬ 
electric  consists  of  4  layers  of  paper  with  a  thickness 
of  10  urn.  The  dielectric  stress  at  nominal  voltage  is  i 
37.5  V/um.  The  capacitor  is  filled  with  castor  oil.  1 


u^t*)  *  "  rMi,^Rl  +  ^ 
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The  individual  capacitors  can  be  interconnected  to 
different  capacitance  values  at  two  different  voltage 
levels:  from  0.6  to  17.4  mF  at  1.5  kV  and  from  0.3  to 

4.2  mF  at  3  kV.  This  allows  operation  of  the  generator 
with  different  current  waveforms. 

The  capacitor  bank  is  charged  by  a  regulated  power 
supply  with  a  maximum  output  of  3  kV/3.3  A.  The  power 
supply  regulates  during  the  charging  time  the  rate  of 
voltage  rise  on  the  capacitor  bank.  Once  the  preset 
voltage  is  reached  it  stops  charging  and  regulates  the 
voltage  to  within  ±0.1t  of  the  preset  value. 


S.3  Thyristors 

5.3.1  Ratings:  The  turn-off  time  of  thyristors 
increases  with  their  voltage  ratings5.  Therefore  the 
choice  of  the  thyristor  configuration  must  be  a  compro¬ 
mise  between  the  requirements  of  a  short  turn-off  time 
and  a  high  voltage  capability. 

The  BBC  thyristor  type  CSF  549-16  iwl  has  been 
chosen.  It  offers  a  relatively  high  voltage  rating  of 
1.6  kV  and  a  turn-off  time  of  30  us,  the  shortest  avail¬ 
able  for  this  voltage  rating.  Three  of  these  thyristors 
are  connected  in  series.  The  main  parameters  are: 

“DRM  -  URRM  •  kV 
/i1  dt  -  320  000  A2  s 

(di/dt)^  «  400  A/ys 

tq  -  30  us  . 

The  required  value  for  / i2  dt  of  the  thyristor  is 
determined  by  the  following.  If  the  commtation  fails, 
for  exmaple  due  to  a  missing  trigger  to  the  commutation 
thyristor,  the  main  thyristor  takes  the  complete  half 
sine-wave  of  the  current  with  an  fi1  dt  considerably 
higher  than  for  normal  operation. 

Each  thyristor  has  connected  in  parallel  a  30  fcft 
resistor  and  a  series  connection  of  a  capacitor  of 
0.1  uF  and  a  resistor  of  10  ft. 

5.3.2  Voltage  sharing:  The  voltage  sharing  of  the 
three  thyristors  during  the  circuit  turn-off  time  tg  is 
influenced  by  the  differences  in  the  reverse  recovery 
charge  of  the  thyristors.  The  higher  the  latter, 
the  later  the  thyristor  takes  over  forward  voltage. 
Therefore  the  thyristors  have  been  selected  for  approxi¬ 
mately  the  saw  turn-off  characteristics.  Measurements 
confirm  a  satisfactory  voltage  sharing.  Figure  11  shows 
the  three  traces  of  the  voltages  across  the  individual 
thyristors  of  the  stack  Tht  during  recovery.  The  spread 
in  the  circuit  turn-off  time  tg  is  about  105.  This 
spread  has  to  be  considered  for  dimensioning  the  connu- 
tation  capacitor  Ci  as  described  by  Eq.  (21)  of 
Section  3.4.  The  shortest  circuit  turn-off  time  tg  in 
Fig.  11  is  44  us.  This  provides  a  sufficient  safety 
margin  compered  with  the  thyristor  turn-off  time  of 

30  us. 

The  highest  voltage  to  be  blocked  in  the  present 
design  is  4.2  kV  whereas  the  rated  forward  blocking 
voltage  is  4.8  kV.  This  gives  a  safety  factor  of  1.14. 


5.4  Crowbar  circuit 

The  crowbar  circuit  consists  of  a  series  connection 
of  a  resistor  and  a  diode.  The  maximum  value  of  the 
resistance  is  critical,  since  it  determines  the  maximmi 
negative  voltage  on  the  magnet.  To  protect  the  quadru¬ 
ple  magnet  against  overvoltages  due  to  component  fail¬ 
ures  in  the  crowbar  circuit,  a  spark  gap  has  been  in¬ 
stalled  in  parallel  to  the  quadrupole  magnet. 


5.5  Transmission  line 

The  1180  m  long  transmission  cable  between  the 
pulse  generator  and  the  magnet  has  4  aluminium  conduc¬ 
tors  each  with  a  cross-section  of  95  mm2.  These  conduc¬ 
tors  are  diagonally  connected  in  parallel  to  minimize 
the  cable  inductance. 


Fig.  11  Voltage  sharing  of  the  3  thyristor*  of  Thi. 
Vertical  scale:  200  V/div.,  horizontal  scale: 

10  us/div. 


Fig.  12  Magnet  current.  Vertical  scale:  50  A/div., 
horizontal  scale:  1  me/d iv. 


5.6  Measured  voltage  and  current  waveforms,  duration 
of  slope  reversal' 


Typical  waveforms  of  the  magnet  current  and  the 
voltages  on  the  magnet  and  the  consultation  capacitor  C2 
are  shown  in  Figs.  12  to  15.  They  correspond  to  the 
parameters  given  in  Section  3.1  which  proved  to  be  opti¬ 
mal  for  the  tuning  of  the  extraction  process.  A  compa¬ 
rison  of  the  oscillograms  with  the  computer  plots  shows 
a  good  agreement  between  calculations  and  measurements. 
In  particular,  it  can  be  seen  that  the  current  rises 
with  an  initial  rate  of  60  A/ms,  and  that  after  a  dura¬ 
tion  of  about  200  us  the  slope  is  reversed  to  -60  A/ms 
(Fig.  16).  Figure  17  shows  a  typical  signal  of  the  ex¬ 
tracted  beam.  It  has  been  taken  from  a  beam  current 
monitor  in  the  extraction  channel. 


Fig.  13  Magnet  voltage.  Vertical  scale: 
1000  V/div.,  horizontal  scale:  1  ms/div. 


Fig.  IS  Voltage  of  the  commutation  capacitor  C2. 
Vertical  scale:  1000  V/div. ,  horizontal  scale: 

1  ma/div. 


Fig.  16  Magnet  current.  The  picture  shows  the  top  of 
the  triangular  waveform.  Vertical  scale:  2  A/div., 
horizontal  scale:  0.1  ma/div. 


Fig.  14  Magnet  voltage.  Vertical  scale: 
1000  V/div.,  horizontal  scale:  0.1  ma/div. 


Fig.  17  Typical  signal  of  extracted  proton  bean. 
Horizontal  scale:  0.5  ma/div. 
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6.  Operational  experience 

6.1  Commutation  initiated  by  a  signal 

from  the  beam 

Instead  of  a  fixed  trigger  delay  between  the  ini¬ 
tial  trigger  and  the  computation  trigger,  the  reversal 
of  the  current  slope  can  also  be  initiated  when  a  fixed 
amount  of  protons  has  been  extracted.  This  is  done  with 
a  signal  derived  from  a  bean  current  monitor  in  the  ex¬ 
traction  channel.  When  the  number  of  protons  has 
reached  a  preset  value  the  commutation  is  initiated. 

In  this  way  a  constant  intensity  of  protons  is  extracted 
from  the  SPS,  independently  of  the  intensity  variations 
of  the  accelerated  beam  from  one  machine  cycle  to  ano¬ 
ther.  Figure  16  illustrates  this  mode  of  operation. 

It  shows  the  upper  part  of  the  magnet  current  waveform 
for  S  consecutive  pulses.  Each  current  pulse  is  commu¬ 
tated  at  a  different  time  corresponding  to  the  intensity 
variations  of  the  beam  from  one  machine  cycle  to  another. 

6.2  Remote  control 

The  generator  is  controlled  from  the  main  control 
room  of  the  SPS,  about  2  km  away,  via  the  SPS  computer 
control  system.  This  allows  the  remote  turning  on  and 
off  of  the  generator,  the  setting  of  a  voltage  on  the 
capacitor  bank,  the  setting  of  a  fixed  delay  of  the 
commutation  trigger,  or  the  setting  of  a  threshold  for 
the  extracted  current  which  triggers  commutation.  It 
is  also  possible  to  acquire  the  signal  from  the  beam 
current  monitor  in  the  extraction  channel,  and  to 
survey  about  20  status  signals  which  give  information 
about  the  correct  functioning  of  the  generator. 

7.  Conclusion 

The  pulse  generator  has  been  working  without  any 
problems  since  its  installation  in  September  1978.  Up 
to  now  it  has  pulsed  about  1.5  million  times.  The  pos¬ 
sibility  to  adjust  the  current  slope  and  the  pulse 
length  proved  to  be  very  useful  for  optimizing  the  ex¬ 
traction  process  and  for  satisfying  the  changing  demands 
of  proton  spill  times. 
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A  TWO-STEP  HIGH  VOLTAGE  PULSE  GENERATOR 


O.C.  Fiander,  D.  Grier,  K.D.  Metzmacher,  P.  Pearce 
CERN ,  Geneva,  Switzerland. 


Summary 


A  new  extraction  system  for  the  transfer  of  pro¬ 
tons  between  synchrotrons  at  CERN  has  necessitated  the 
building  of  special  high  voltage  pulse  generators 
delivering  two-step  pulses.  The  maximum  pulse  power  of 
each  step  is  100  MW  in  IS  ohm  and  is  independently 
variable.  The  pulse  length  of  each  step,  also  inde¬ 
pendently  variable,  is  1,6  *_  0,5  us.  Pulse  rise  and 
fall  times  are  about  30  ns. 

Introduction 


A  new  type  of  high  voltage,  two-step  pulse  gene¬ 
rator  using  multi-stage  thyratron  switches  and  S Fg 
pressurised  coaxial  cable  £ulsa  Forming  Networks  (PEN1 a) 
has  been  built  at  CERN.  Two  of  these  pulse  generators 
excite  fast  pulse  magnets  in  one  of  the  proton  synchro¬ 
trons;  a  simplified  schematic  of  the  pulse  generator/ 
magnet  arrangement  is  shown  in  Fig.  1. 

The  output  pulse  of  the  generator  may  be  either  an 
ascending  or  descending  two-step  staircase  or,  theore¬ 
tically,  even  a  long  reccangular  pulse  combining  both 
steps  at  the  same  level.  However,  as  will  be  seen  later, 
certain  limitations  are  met  whan  small  interstap 
voltages  are  demanded.  The  pulse  width  of  each  step  is 
independently  variable,  with  a  maximum  of  2,1  us  for  a 
single  step  and  4,2  us  for  the  total  pulse  width.  Reso¬ 
nant  charging  power  supplies  charge  the  two  PFN's  to  a 
maximum  of  80  kV  in  a  few  ms. 

Previously  designed  multi-step  pulse  generators 
have  suffered  from  the  disadvantage  that  the  step  length 
of  descending  steps  could  not  be  controlled  because  of 
the  impossibility  of  triggering  the  series  switches 
when  under  reverse  voltage ".The  generator  now  reported 
on  overcomes  this  difficulty  by  using  a  bi-directional 
double  cathode  thyratron  as  the  series  switch.  This 
permits  controlled  switching  independent  of  the  switch 
polarity;  henca  ascending  and  descending  pulses  of  pre¬ 
cise  duration  can  be  produced. 

Description  of  Pulse  Generator 
Design  and  Construction 

The  simplified  schematic  (Fig.  1)  shows  the  prin¬ 
cipal  elements  of  the  pulse  generator.  The  PFN's,  reso¬ 
nant  power  supplies  and  thyratron  suit  chi.-  T1  and  T3 
are  identical  to  those  used  in  previously  designed  CERN 
pulse  generator  systems  and  have  already  been  described 
in  some  detail  in  an  earlier  Symposium2);  they  will  be 
dealt  with  only  briefly  in  this  paper. 

Each  PFN  is  a  low  attenuation  ionisation  free  cable 
which  haa  tubular  inner  and  outer  conductors,  the 
dielectric  being  multi-layer  polythene  tapes  with  SFg 
pressurisation  to  9  bars.  No  semi-conductors  ere  needed 
at  che  dielcctric/conductor  interfaces.  Each  resonant 
power  supply  is  based  on  a  high  ratio  SO  Hz  step-up 
transformer  which  when  pulsed  from  a  large  primary  elec¬ 
trolytic  capacitor  permits  charge  transfer  to  the  PFN. 
Pre-bias  of  the  transformer  core  is  used  and  system 
flexibility  is  improved  by  the  inclusion  of  a  high 
voltage  diode  between  power  supply  and  PFN.  Switches  T1 
and  T3  both  use  che  CX  1171a  single  cathode  thyratron, 
operating  in  a  close  ficting  coaxial  housing;  insulation 
to  ground  is  by  aolid/oil  dielectrics,  che  oil  being 
circulated  for  cooling  purposes.  The  Tl  cathode  is 
pulsed  to  ec  least  half  the  PFN1  voltage  in  operation 


and  the  T1  supplies  are  insulated  accordingly.  The  T3 
cathode  is  at  earth  potential  and  the  T3  supplies  are 
therefore  conventional.  Power  supply  PS1  charges  PFN1 
directly  and  PFN2  is  charged  by  power  supply  PS2  via 
the  terminating  resistor  R3. 

The  series  switch  T2  uses  a  double  cathode  bi¬ 
directional  version  of  the  CX  1171A  thyratron,  known  as 
the  CX  1171B.  The  electrical  schematic  and  mechanical 
layout  of  T2,  both  simplified  for  clarity,  are  shown  in 
Figs.  2a  and  3  respectively.  Both  extremeties  of  T2  can 
be  charged  to  80  kV  and  its  supplies  therefore  have  to 
be  suitably  insulated  from  ground;  this  not  only  applies 
to  the  heater  and  reservoir  supplies  but  also  the 
biasing  and  triggering  associated  with  each  cathode.  In 
addition  to  supporting  relatively  slow  charging  voltages 
the  T2  supplies  must  also  withscend  high  fast  pulse 
voltages  of  either  polarity  when  che  generator  is 
triggered.  The  provision  of  reliable  insulation  of  the 
T2  supplies,  whilst  retaining  the  ability  to  trigger 
either  control  grid  rapdily  and  precisely,  is  perhaps 
the  biggest  technological  difficulty  in  che  generator 
design;  the  solutions  adopted  are  therefore  described  in 
some  detail. 


72  is  installed  in  a  coaxial  housing  in  similar 
manner  and  with  the  same  dielectrics  as  T1  and  T3.  The 
sysnetry  of  T2  requires  that  identical  techniques  be 
used,  for  the  insulation  of  che  supplies  associated  with 
its  two  cathodes.  The  solution  adopted  is  to  supply  each 
heater  directly  from  the  secondary  of  an  oil-immersed, 
screened  isolating  transformer,  insulated  to  withstand 
full  charging  and  pulse  voltages.  Fed  in  parallel  with 
the  heater  is  a  Faraday  cage,  located  outside  the  main 
oil  filled  switch  housing  but  within  an  earthed  cylin¬ 
drical  cover  pressurised  to  0,2  bar  STf,  (Fig.  2b).  This 
cage  concains  the  supplies  for  the  reservoir  heater, 
the  "keep  alive"  grid  Gl,  the  trigger  grid  G2  bias  and 
the  trigger  pulse  source.  The  trigger  box  on  cha  outside 
of  che  cylindrical  cover  is  linked  to  the  Faraday  cage 
by  a  quartz  light  pipe  which  transmits  the  G2  trigger 
pulse  from  an  I-R  emitter  diode.  The  light  pipe  can  also 
be  rotated  and  so  serves  as  an  insulated  adjusting  rod 
for  the  Faraday  cage-mounted  potentiometer  controlling 
the  reservoir  heater  voltage.  A  second  I-R  emitter  diode 
link  from  the  Faraday  cage  back  to  the  trigger  box  pre¬ 
vents  charging  of  the  PFN's  if  a  fault  occurs  in  the  tube 
supplies . 


The  reliability  of  the  T2  switch  auxiliary  supplies 
thus  largely  revolves  around  the  adequacy  of  design  of 
one  50  Hz  high  voltage  isolating  transformer  per  cathode, 
vhich  for  the  voltages  involved  presents  no  significant 
difficulty.  The  more  delicate  trigger  pulse  isolation  is 
easily  provided  *>y  the  quartz  rod  and  Faraday  cage  in  an 
SFg  environment. 


Principle  of  Operation 

The  lattice  time  diagram  for  representat ive  switch¬ 
ing  instants  ti ,  tj  and  C|  of  Chyratrons  Tl,  T2  and  T3 
respectively  is  shown  in  Fig.  4.  For  a  charging  voltage 
of  PTN1  of  2Vi ,  the  first  step  amplitude  is  V;,  and  its 
length  is 


Pi  *  (tl  -  tl)  -  Tl 


(1) 


where  Ti  is  the  propagation  delay  of  PFN1 
and  provided  Ti  >  (tz  -  ti)  >  -  Tt 
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Fig.  1.  Simplified  schematic  of  the  pulse  generator 


Likewise  for  a  charging  voltage  of  PFN2  of  2V2  Che 
second  step  amplitude  is  V2  and  its  length  is 

F2  ■  (tj  -  tj)  ♦  t2  (2) 

where  t2  is  the  propagation  delay  of  PFM2 
and  provided  Tj  >  (tj  -  t2)  >  -  T2 

In  theory  the  output  pulse  length  of  each  step  may 
be  aiade  infinitely  small.  In  practice,  and  bearing  in 
mind  the  required  generator  service,  the  triggering 
delays  have  a  range  which  restricts  Che  minimum  step 
length  to  about  1,1  us. 

Thyratron  T1  determines  the  first  step  rise,  T2 
determines  the  interstep  rise  or  fall  and  T3  determines 
Che  second  step  fall.  For  positive  PFN  charging  voltages 
and  minimum  step  1  length  of  1,1  Us  the  current  in  T1  is 
always  positive.  That  in  T2  is  either  positive  or  nega¬ 
tive  depending  on  the  relative  charging  levels  of  PFH's 
1  and  2.  The  current  in  T3  must  be  also  always  positive, 
a  condition  which  is  satisfied  irrespective  of  the  PFH1/ 
PFN2  charging  levels.  Care  must  be  taken  not  to  exceed 
the  maximum  permissible  step  1  length  if  a  hols  is  to 
be  avoided  between  step  1  and  step  2.  Likewise  correct 
switching  of  T3  requires  that  the  step  2  length  is  not 
excessive.  Typical  theoretical  ascending  and  descending 
waveforms  are  shovn  in  Fig.  3. 

Particularities  of  Series  Switch  T2 
Triggering 

In  unidirectional  switching  applications  of  tha 
double  cathode  thyratron  the  trigger  grid  (G2)  at  tha 
"virtual  anode"  is  connected  direccly  to  the  local 
cathode  and,  in  fact,  carries  a  large  part  of  the 
switched  currant.  Por  bi-directional  switching  applica¬ 
tions,  such  as  T2,  this  G2  has  to  be  connected  to  its 
cathode  via  a  trigger  pulse  transformer  and  filter,  both 
of  which  have  non-negligible  impedance.  Voltage 


transients  with  an  amplitude  of  40Z  of  the  tube  opera¬ 
ting  voltage  and  width  of  the  order  of  100  ns  then  can 
occur  between  this  C2  and  its  cathode.  This  transient 
energy,  if  not  by-passed,  is  dissipated  in  the  trigger 
pulse  supply  circuits,  and  apart  from  distorting  the 
rising  edge  of  the  switched  current,  can  aause  thyratron 
and  trigger  circuit  damage. 

It  is  found  that  this  grid  transient  voltage  can 
be  suppressed  partially  by  triggering  both  ends  of  the 
thyratron  simultaneously  to  provide  a  region  of  pre¬ 
ionised  gas  in  the  02  cathode  space  (Fig.  6).  More 
effective  suppression,however,is  obtained  by  bridging 
02  to  cathode  with  a  non-linear  resistor  (TOR)  of  the 
tine  oxide  type.  These  have  a  fast  response  and  a 
plateau  voltage  of  about  2  kV  at  2  kA.  G2  to  cathode 
waveforms  showing  voltage  transients  with  and  without 
TOR  are  shown  in  Fig.  7. 

The  self  capacitance  of  the  TOR  degrades  the 
incoming  grid  trigger  pulse  rise,  and  thus  the  size  and 
hence  maximum  energy  dissipation  of  the  TOR  is  limited. 
In  order  to  increase  the  operating  lifetime  of  the  TOR 
and  to  limit  spike  amplitude  in  tha  event  of  TOR  failure 
the  simultaneous  pulsing  of  both  trigger  grids  is  main¬ 
tained  for  all  operating  bkmUs  of  T2.  An  additional 
margin  of  safety  could  be  achieved  by  further  develop¬ 
ment  of  the  02  trigger  pulse  source  to  allow  use  of  a 
larger  TOR,  or  by  the  application  of  TOR's  of  a  type 
having  higher  energy  dissipation  capability  and  lower 
intrinsic  capacity. 

Tha  G2  trigger  pulse  circuit  is  isolated  from 
ground  by  a  10  am  diameter  200  mm  long  quartz  rod 
with  optically  polished  ends  for  minimum  light  loss. 

The  infra-red  trigger  light  pulse  in  this  rod  is  detected 
by  a  photo  transistor  which  triggers  a  fast  SCR  circuit 
into  a  10:1  step-up  pulse  trantforsmr  with  a  700  V  peak 
output  pulse.  Tha  circuit  is  simple  and  reliable  and 
gives  good  switch  output  pulse  jitter  tad  drift  perfor¬ 
mance.  However  the  photo-transistor  response  is  slow 
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Fig.  2b.  Electrical  schematic  of  T2  Faraday  cage  and  trigger  box. 


500  ns)  and  che  trigger  pulse  risetime  200  ns)  is 
limited  by  che  high  pulse  transformer  step-up  ratio. 

The  use  of  a  high  sensitivity  photo  diode  with  a  focus¬ 
sing  lens  and  of  an  avalanche  transistor  operating  at  a 
higher  voltage  would  allow  the  pulse  transformer  step- 
up  ratio  to  be  reduced  and  would  be  recomaended  for 
applications  requiring  switcbes  of  ultra  low  drift' and 
jitter. 

Transient  performance 

The  transient  performance  of  T2  can  be  considered 
under  the  aspects  of  i)  its  ability  to  switch  PFH  vol¬ 
tage,  ii)  its  ability  to  transmit  wavefronts  already 
generated  and  propagating  in  che  PFH's  and  iii)  the 
limitation  of  transient  overvoltages  in  the  tube  auxi¬ 
liaries  when  switching  or  transmitting  wavefronts. 

The  electrical  equivalent  circuit  of  the  high  vol¬ 
tage  structure  between  PFH's  1  and  2,  including  the 
tube  auxiliaries,  has  an  influence  on  all  three  aspects. 
This  circuit  contains  nusarous  series  inductances,  many 
due  to  the  thyracron  itself,  which  are  partially 
compensated  by  che  capacitance  to  ground  of  che 
thyracron  and  some  of  its  auxiliaries.  Analysis  of  this 
circuit  shows  chat  these  inductances  and  capacitances, 
for  the  configuration  of  Fig.  3,  do  not  seriously  per¬ 
turb  the  thyratron  performance  as  a  switch  or  as  a 
transmission  device,  this  remark  being  made  in  the  con¬ 
text  of  an  inherent  switch  risetime  of  about  30  ns  due 
to  the  discharge  formation  time.  Typical  T2  risetime 
for  a  switched  FFH  voltage  of  73  kV  is  about  33  ns, sub¬ 
ject  to  careful  adjustment  and  correct  balance  of  the 
two  Cube  reservoirs.  Transmission  of  propagating  w eve- 
fronts  also  occurs  with  little  lost  of  risetime  or  dis¬ 
tortion;  the  L-C  elements  of  the  structure  act  as  a 
simple  delay  and  give  rite  to  no  mere  than  5X  overawing 
for  incident  wavefronts  not  faster  than  30  ns.  Transient 
overvoltages  in  the  tube  auxiliaries,  particularly  on 
the  Faraday  cages,  depend  largely  on  the  inductances  of 


the  connections  between  cathode,  associated  Faraday  cage 
and  isolating  transformer.  These  must  be  kept  low  to 
ensure  that  the  resonant  frequency  of  these  branches 
lies  above  the  predominant  frequency  of  the  pulse  rise/ 
fall;  Faraday  cage  tranaiant  overawing  with  respect  to 
ground  is  then  minimal.  Analysis  of  the  actual  T2  con¬ 
figuration  predicts  overswings  of  about  10X  for  pulses 
of  30  ns  rise,  largely  confirmed  by  measurement. 

Voltage  deadband 

The  amplitudes  of  step  1  and  step  2  are  directly 
related  to  the  voltage  to  which  PFHl  and  PFH2  are 
charged.  Attempts  to  produce  a  flat-top  4,2  us  pulse  by 
setting  the  two  PFH  voltages  equal  fail  because  of  che 
sero  operating  voltage  for  T2.  In  fact  T2  will  not 
switch  correctly  unless  the  voltage  difference  between 
PFH1  and  PFN2  is  more  than  about  ♦  3  kV.  Operation  of 
the  pulse  generator  within  Che  voltage  deadband  results 
in  an  output  waveform  having  a  fixed  step  1  length  of 
2t ;  and  a  'hole'  at  the  junction  of  the  two  stepa.  loth 
defects  result  from  the  failure  of  T2  to  trigger  until 
the  voltage  across  the  thyratron  rises  due  to  the  wave- 
front  from  Tl.  (Fig.  11s). 

In  Che  present  application  of  the  pulse  generator 
the  possibility  of  continuous  adjustment  of  step  2 
amplitude  from  maximum  down  to  step  1  level  is  consi¬ 
dered  necessary.  The  solution  adopted  is  to  shift  the 
deadband  down  into  a  region  where  it  causes  no  incon¬ 
venience,  by  the  addition  of  a  resistor,  12,  in  series 
with  T2.  This  resistor  allows  a  positive  voltage  diffe¬ 
rencial  to  be  created  between  PFH2  and  PFH1  without 
this  differential  appearing  in  the  output  pulse.  The 
functioning  is  as  follows: 

At  the  moment  of  triggering  T2,  with  12  included 
between  T2  and  PFH1,  the  current  injected  forward  into 
PFH1  is  given  by: 
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Fig.  S.  Theoretical  output  puls* 


WITH 


WITHOUT 

PFH1 

PFN2 


5  kV/div. 
SO  ns/div. 


-  8,5  kV 

-  30  kV 


Fig.  6.  Effect  of  simultaneous  triggering 
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The  current  from  the  switching  of  Tl,  hewing  traversed 
PFH1,  is  partially  reflected  at  R2.  This  reflected 
current  is: 


I 


(4) 


Addition  of  la  »ad  ly  to  the  already 
current,  Vj_  ,  give*  the  amplitude  of 


which  can  be  shown  to  be 


established  step  1 
the  step  2  current. 
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From  this  expression  it  can  be  seen  that  the  effective 
FFH2  voltage  for  creating  the  step  2  amplitude  has  been 
reduced  by  the  factor  1  ♦  82  . 


Thus  for  82  ■  2,5  Q,  Zg  •  15  8  a  flat-top  4,2  us  puls* 
without  switching  defects  can  be  produced  provided  the 
PFN1  voltage  exceeds  60  kV.  An  undesirable  side  effect 
of  the  addition  of  82  is  that  a  snail  intermediate  step 
is  introduced  becween  steps  1  and  2  (Fig.  8).  The 
interaediat*  step  current  is  higher  than  the  step  2 
current  by  the  value  of  expression  (4) .  The  length  of 
the  intermediate  step  is  given  by; 

-  Ti  -  (t2  -  ti)  (6) 

from  which  it  may  be  deduced  that  the  length  of  the 
intermediate  step  tends  to  tero  as  tha  length  of  step  1 
approaches  the  two  way  travelling  time  of  PPN1.  Consi¬ 
derations  of  correct  switching  and  required  step  length 
variation  put  a  practical  limit  of  about  100  ns  on  tha 
minimum  length  of  this  step.  Such  a  short  distortion  is 
considered  acceptable  because  of  the  integrating 
charactaristic  of  tha  magnet  load.  It  will  be  appre¬ 
ciated  that  tha  deadband  in  the  operating  rang*  of  the 
puls*  generator  has  not  been  eliminated,  but  merely 
shifted.  Seduction  of  the  absolute  deadband  could  be 
envisaged  by  reducing  the  minimum  operating  voltage  of 
the  thyratron;  improvements  in  this  direction  may  be 
possible  by  the  addition  of  C/8  networks  across  the 
cube  gradient  grids,  or  by  simultaneous  triggering  of 
gradient  grids  and  control  grid. 

Operating  Experience 

A  prototype  two-step  puls*  generator  was  built  in 
1978  snd  operated  for  about  4000  hours,  during  which 
time  small  but  nevertheless  important  improvements  were 
introduced.  A  total  of  15  million  output  pulses  of 
varied  waveform  was  produced.  There  were  no  thyratron 
failures  nor  was  there  any  degradation  in  their  perfor¬ 
mance  during  this  prolonged  test. 

Encouraged  by  this  result,  three  generator*  for  the 
excitation  of  fast  beam  transfer  magnets  were  manu¬ 
factured  during  1979  and  have  recently  been  installed 
and  commissioned  (Fig.  9).  The  characteristics  of  these 
generators  are  siaamarisad  in  Table  1,  where  the  perfor¬ 
mance  data  relates  to  the  generators  pulsing  into  1 5  fl 
closely  coupled  matched  resistive  load*. 

The  following  coome- cs  can  be  made  concerning 
thyratron  performance.  The  rise  of  step  1,  due  to  Tl, 
can  be  as  little  as  26  ns  (10  -  90%)  but  is  generally 
slowed  down  to  30  ns  by  reduction  of  thyratron  gas 
pressure  to  minimis*  any  tendency  to  spontaneous  break¬ 
down.  The  step  1  to  step  2  rise  or  fall,  due  to  T2, 
measured  in  the  resistive  load  is  about  40  ns;  this  is 
largsr  than  the  sasw  rise  or  fall  measured  directly  at 
T2,  about  35  ns,  because  of  PFH  l  attenuation  and  mis¬ 
match  in  Tl.  The  adjustment  of  the  two  reservoir 
voltages  of  T2  it  critical  if  good  risetiaa  it  to  be 
obtained.  Sever*  imbalance  of  the  two  reservoirs  leads 
to  gas  pumping  from  one  end  of  the  tube  to  the  other, 
with  resulting  significant  polarity  dapendanc*  of  the 


1  -  Cathode  to  ground 

2  -  C2  to  ground 

3  -  G2  to  cathode 

4  -  G2  trigger  puls* 

(no  HT  applied,  2  kV/div.) 

100  ns/div.' 

5  kV/div. 


WITHOUT  VD8 


WITH  908 

The  effect  of  VDk's  and  simultaneous  triggering. 
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Fig.  7 


Fig.  8.  '  Theoretical  output  pulie  with  R2. 

risetiae  and  reduction  of  voltage  hold-off  for  both 
polarities.  In  general,  the  double  cathode  thyratron 
eeeaa  to  de-condition  more  easily  than  the  single 
cathode  version  and  needs  to  be  run-in  more  carefully. 

It  also  has  a  greater  tendency  to  spark  discharge.  The 
final  step  2  fall,  due  to  T3,  measured  in  the  resistive 
load  is  about  40  ns;  the  T3  rise  of  about  28  ns  is  con¬ 
siderably  degraded  by  the  attenuation  of  PFN's  1  and  2 
and  by  Che  mis-matchas  of  II  and  T2.  An  appreciable 
"cable  tail"  follows  the  main  pulse. 

Figs.  10  and  11  show  waveforms  of  the  output  pulse 
in  a  matched  resistive  load  for  a  generator  with  dead¬ 
band  shifting  resistor  82  of  1,7  ohaas.  The  ascending 
pulse  (Fig.  10a)  results  from  PFN1  and  2  charging 
voltages  of  40  and  50  k.V  respectively;  the  corresponding 
figures  for  the  descending  pulse  (Fig.  10b)  are  80  and 
30  kV.  The  short  (200  ns)  intermediate  level  due  to  R2 


Table  1.  Generator  Characteristics 

Impedance  ZQ  15  ohms 

Number  of  steps  2 

Max,  voltage  85  kV  either  PFH 

Min.  voltage  5  kV 

PFN  charging  time  4  ms 

Output  pulse  length  1,8  *_  0,5  lie  per  step 

Voltage  deadband  ^  5  kV 

Absolute  jitter  5  ns 

Short  term  drift  <  5  ns/day 

long  term  drift  ^  30  ns/month 

Max.  pulse  rate  l  pulse/0, 6s  continuous 

Pulse  risetiae  (min.)  30  ns  1st  step  rise 

10  -  902  into  resistive  40  ns  2nd  step  rise/fall 

load  40  ns  fall  of  2nd  step 

Spontaneous  breakdown  rate  <  1  pulse  in  10s 

is  clearly  visible  in  both  photos.  The  slight  hole 
appearing  at  the  start  of  the  step  2  level  occurs 
because  of  inductive  mia-match  in  T2  which  partially 
reflects  the  backward  travelling  wavefront  generated  by 
the  initial  switching  of  Tl. 

Conclusion 

A  flexible  and  reliable  high  voltage  two-step  pulse 
generator  can  be  built  from  two  series-connected  PPM' a. 
The  .choise  of  a  bi-directional  thyratron  as  the  switch 


Pig.  9.  General  view  of  svitch  installation. 
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a)  Ascending  staircase  pulse 

PFN1  -  40  kV,  PFN2  -  50  kV  500  ns/div. 


b)  Descending  staircase  pulse 

PFN1  •  80  kV,  PFN2  -  30  kV  500  ns/div. 


Fig.  10.  Typical  staircase  output  pulses. 


1 

b. 


a)  Plat-top  pulse  with  hole  8)  Plat-top  pulse 

PFH1  -  6S  kV,  PFN2  -  67  kV,  500  ns/div.  PFH1  »  65  kV,  PFM2  -  70  kV  500  ns/div. 

Fig.  11.  Flat-top  pulse  with  and  without  hole. 
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RAPID  CYCLING  SYNCHROTRON  (RCS)  SINGLE  STAGE  KICKER  MAGNET* 

Dais  E.  Sudds th  and  Gar a Id  J.  Volk 
Argonne  National  Laboratory 
Argonne,  Illinoi*  60439 


Abstract 

A  new  single  stage  kicker  magnet  system 
is  designed  and  is  being  fabricated  for  the 
RCS  accelerator  of  the  Intense  Pulsed  Neutron 
Source  (IPNS-I)  at  the  Argonne  National  Labo¬ 
ratory.  This  system  will  replace  the  two 
stage  kicker  in  present  use. 

The  magnet  aperture  is  10  cm  wide  by  5  cm 
high  and  the  magnetic  length  is  0.89  m.  The 
magnetic  field  intensity  is  0.1021  T  for  a  25 
milliradian  kick  to  the  500  MeV  proton  beam. 

A  field  rise  time  (10  to  90%)  of  80  ns  and  a 
flattop  of  100  ns  is  needed.  The  magnetic 
field  fall  time  is  not  critical  so  a  lumped 
parameter  magnet  with  a  7.2  ohm  load  will  be 
used.  The  electric  current  required  through 
the  single  turn  magnet  is  4863  A.  A  new 
energy  storage  and  switching  system  is  de¬ 
signed  and  is  being  fabricated  for  energizing 
the  magnets. 

The  techniques  and  hardware  used  will  be 
described  along  with  some  of  the  experience 
gained  in  the  use  of  the  two  stage  system 
which  will  help  to  improve  the  new  design. 

Introduction 

Single  stage  as  it  is  used  in  this  paper 
means  that  the  kicker  magnet  is  in  a  single 
straight  section  of  the  accelerator  as  opposed 
to  the  magnets  being  placed  in  two  different 
straight  sections. 

The  previous  design  expectations  were 
such  that  the  kicks  of  the  two  separate  mag¬ 
nets  would  add  directly  to  give  a  25 
milliradian  kick.1  Actual  RCS  operation  dem¬ 
onstrated  that  the  betatron  phase  shift 
between  the  two  magnets  was  not  correct  for 
*in  phase*  effect.  This  left  the  kicked  orbit 
displaced  from  the ■ extraction  septum  far 
enough  to  prevent  efficient  extraction. 

Magnet  Specifications 

The  magnet  requirements  are  more  con¬ 
strained  than  in  the  two  stage  system  in  that 
the  magnetic  length  is  now  0.89  m  where  before 
there  were  two  lengths  of  0.56  m  each.  The 
total  1.12  m  length  should,  however,  be  cor¬ 
rected  to  an  equivalent  0.84  m  since  one 
magnet  was  energized  to  one  half  the  field  of 
the  second  magnet.  Figure  1  shows  a  cross 
section  of  the  magnet. 


Magnetizing  current  I 


0.1021  x  0.057 
4*  x  10‘7 


-  4631  A 


where 

hg  "  gap  height  in  m. 


•Work  sup 
Energy. 


by  the  U.S.  Department  of 


The  calculated  current  value  assumes  zero 
ferrite  reluctance  and  the  current  is  4863  A 
with  a  5%  allowance  for  ferrite  reluctance. 

As  in  the  previous  system,  each  leg  of 
the  magnet  will  be  driven  separately  from  op¬ 
posite  comers  for  minimum  magnet  voltage.  A 
result  of  this  type  of  excitation  is  that 
there  is  no  "steady  state*  electric  field 
affecting  beam  deflection.  A  special  Bel den 
type  YR  10914,  14  ohm  coaxial  cable  will  be 
used  for  the  pulse  forming  network  (PFN)  and 
transmission  line.  Two  of  these,  each  with  a 
14  ohm  load,  are  connected  in  parallel.  This 
fixes  the  magnet  and  load  voltage  at  4863  A 
x  7  ohms  »  34  kV. 


Inductance  per  unit  length  *  P 

g 

-  2.51  x  10"6  H/m 
(2) 


wg  *  gap  width  (same  units  as  hg) . 

The  value  for  each  leg  of  the  magnet  «  1.25 
x  10~s  H/m.  The  inductance  of  a  0.89  m  long 
magnet  leg  >  1.1  x  10-*  H.  The  magnetic  field 
fill  time  for  the  magnet  is  approximately 
L/R  -  159  ns.  This  is  about  a  factor  of  two 
too  long  so  the  magnet  will  have  to  be  divided 
into  at  least  two  modules.  Figure  2  shows  a 
view  of  the  magnet  system. 

To  form  a  transmission  line  magnet  by 
adding  capacitance  to  match  such  a  low  imped¬ 
ance  load  is  impractical  particularly  where 
the  length  is  constrained  and  the  basic  magnet 
impedance  is  113  ohms.  The  required  capaci¬ 
tance  per  unit  length  would  be  1.25  x  10-* 

*  7*  ■  0.0255  wF/m.  It  is  difficult  to  obtain 
such  capacitance  and  keep  stray  inductance  to 
a  small  fraction  of  the  magnet  inductance. 

With  a  lumped  inductance  magnet  and  7  ohm 
transmission  line,  the  pulse  voltage  jumps  up 
nearly  to  the  PFN  voltage  at  the  magnet  input 
which  helps  to  make  the  field  rise  time  nearly 
equal  to  the  L/R  time.  Of  course,  one  must  be 
careful  to  account  for  this  mismatched  condi¬ 
tion  in  its  effect  on  the  rest  of  the  system. 
Some  help  in  reducing  rise  time,  although 
minor,  can  be  expected  in  matching  the  magnet 
to  the  load  with  capacitance;  0.011  »F  per  leg 
per  module  is  needed.  Series  parallel  combi¬ 
nations  of  low  cost,  high  voltage,  door  knob 
type,  ceramic  capacitors  have  been  success¬ 
fully  used  for  this  application.  An  addition¬ 
al  effect  of  the  capacitors  is  in  the  field 
flattop  characteristics. 

A  model  of  one  module  of  the  magnet  was 
fabricated  for  low  level  tests.  Figure  3 
shows  the  B  field  photograph  using  a  mercury 
relay  as  the  switch  and  50  ohm  lines  in 
parallel  as  the  PFN  and  transmission  lines. 
This,  of  course,  is  an  optimistic  case  since 
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the  high  voltage,  high  current  interconnec¬ 
tions  will  add  some  stray  inductance. 

One  might  expect  that  the  use  of  three 
modules  each  with  filling  time  of  53  ns  would 
be  a  further  improvement.  One  must  weigh  the 
expected  fill  time  reduction  against  the  added 
PFM  and  switch  cost  and  complexity  and  addi¬ 
tional  stray  inductance  for  the  interfaces. 

The  economies  of  scale  may  actually  be  leas 
for  a  three  module  magnet. 

Since  the  PCS  is  of  the  first  harmonic 
operation  and  therefore  extracts  only  one 
bunch  per  pulse,  the  magnetic  field  fall  time 
is  of  minor  consideration  since  it  affects 
only  load  dissipation.  The  magnet  will  be 
enclosed  with  an  aluminum  case  which  will  act 
as  a  Faraday  shield  and  also  serve  as  a  low 
impedance  interface  with  the  coaxial  cable 
shields. 

Switch  Considerations 

Figure  4  is  a  block  diagram  of  the  system 
components.  Four  English  Electric  Valve 
(EEV) ,  ex-1192  deuterium  thyratrons  will  be 


used  as  switches. 


maximum 


6000  A) . 


maximum 


120  kV, 


It  is  physically  impossible  to  match  the 
thyratron  and  its  housing  to  7  ohms  because 
high  voltage  considerations  limit  the  spacing 
between  the  housing  and  the  thyratron  plasma. 
An  improvement  in  the  bandwidth  is  expected 
over  nonmatching  even  with  a  14  ohm  assembly. 

One  of  the  major  operating  cost  consider¬ 
ations  for  the  RCS  is  the  thyratron  replace¬ 
ment  costs.  Lifetime  data  is  thus  of  prime 
importance.  Ho  standard  data  is  available,  as 
far  as  we  know,  and  it  is  difficult  to  compile 
since  parameters  such  as  dl/dt, 

1  aver  age'  vm*ximum'  Reverse' 
jitter  and  repetition  rate  all  affect  life¬ 
time.  After  some  frightenly  short  lifetimes 
of  approximately  1  million  pulses  during 
shakedown  testing  and  initial  operation  of  the 
ACS,  we  now  have  two  thyratrons  in  service 
that  have  seen  over  200  million  pulses.  These 
operate  at  dt/dt  -  3.5  x  10 10  A/s,  1,.^,^ 

’  3500  A,  I|y(taf(  -  0.011A,  Vaaximm  -  74  kV, 
Vrmvmram  ■  7  kV  for  50  ns  and  time  jitter 

<  10  ns.  These  lifetimes  are  certainly  more 
encouraging  than  what  we  had  expected. 

We  are  remaining  optimistic  for  the  new 
system  although  we  recognise  that  the  higher 
dl/dt  -  4.9  X  10l°  A/S,  IMaxia|u|B  -  4863  A, 

1 average  "  will  have  a  bearing  on  the 

lifetime.  The  new  system  is  designed  to  run 
up  to  45  Hx  versus  30  Hs  for  the  previous 

system. 

The  solid  state  thyratron  trigger  circuit 
has  been  improved  to  provide  a  3.5  A,  1  us 
wide  pulse  to  the  thyratron  grid.  Solid  state 
transient  suppressors  have  been  added  at 
strategic  points  where  failures  had  occurred 


from  thyratron  voltage  kickbacks.  The  47  V 
avalanche  transistor  voltage  was  increased  to 
62  V.  The  avalanche  transistor  2H3262  was 
replaced  with  a  2N3229 .  Six  of  these  tran¬ 
sistors,  each  with  its  own  primary  winding, 
drive  the  pulse  transformer. 

PFH  and  Charge  Circuits 

Belden  type  TR- 10914,  14  ohm  coaxial 
cable  will  be  used  instead  of  RG  220-0  for  the 
PFN  for  reasons  of  simplicity  and  hopefully 
reliability.  The  special  14  ohm  cable  is 
supposed  to  be  capable  of  100  kV  pulsed  oper¬ 
ation.  Both  ends  of  the  PFH  cable  will  ter¬ 
minate  in  oil  as  also  the  input  end  of  the 
transmission  line  to  the  magnet.  This  ar¬ 
rangement  should  reduce  the  cable  breakdown 
problems  which  we  had  with  previous  cable 
which  was  potted  with  silicone  rubber.  We 
plan  to  lay  the  75  feet  of  PFH  cables  in  an 
insulated  tray  so  as  to  minimize  physical 
stress  and  to  reduce  noise  from  cable  to 
ground  corona  discharge.  Ho  connector  is  used 
with  the  14  ohm  cable  but  rather  inner  and 
outer  braids  are  clamped  with  as  short  a  sep¬ 
aration  length  as  possible  at  their 
terminations . 

We  have  had  good  reliability  with  the 
hard  tube,  series  regulator  charging  circuits 
and  we  will  use  this  method  replacing  the 
4PR250C  with  the  Eimac  8960.  The  4800  W 
capability  of  four  tubes  in  series  will  pro¬ 
vide  adequate  dissipation  for  charging  four, 

14  ohm,  75  foot  cables  to  80  kV  at  45  Hz. 

An  oil  to  water  heat  exchanger  will  be 
used  to  remove  the  heat  from  the  tanks  in 
order  to  maintain  temperature  to  less  than 
35°  C. 

Load  Description 

We  had  excellent  results  terminating  the 
50  ohm  coaxial  cable  with  a  Carborundum  co¬ 
axial  power  resistor  connected  so  as  to  resem- 
ble  a  lossy  transmission  line.  This  load, 
however,  has  insufficient  dissipation  for  the 
revised  system.  We  are  trying  to  extend  the 
technique  by  using  Carborundum  type  AS,  washer 
style,  high  power,  ceramic  resistors  with  the 
14  ohm  cable.  Each  of  the  eight  loads  must  be 
capable  of  1600  W  dissipation. 


Although  this  project  is  not  pushing  the 
state-of-the-art  for  thyratrons,  the  applica¬ 
tion  engineering  is  challenging  since  it  is 
pushing  the  limits  for  seme  of  the  components. 
It  will  be  rewarding  to  see  that  the  goals  are 
attained. 
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FAST-EXTRACTION  MOOULATORS  FOR  LOS  ALAMOS  SCIENTIFIC  LABORATORY 
PROTON  STORAGE  RING 


W.  C.  Nunnally,  D.  W.  Hudglngs,  and  W.  J.  Sarjeant 
Los  Alamos  Scientific  Laboratory 
P.  0.  Box  1663 
Los  Alamos,  NM  87 545 


Introduction 

The  Proton  Storage  Ring  (PSR)  now  being  designed 
at  the  Los  Alamos  Scientific  Laboratory  (LASL)  will  ac¬ 
cumulate  800  MeV  of  protons  from  the  Los  Alamos  Meson 
Physics  Facility  linear  accelerator  and  deliver  them  In 
intense  bursts  to  neutron  production  targets  at  the 
Weapons  Neutron  Research  Facility.  Two  modes  of  opera¬ 
tion  are  planned.  In  the  short-bunch  mode,  the  protons 
are  accumulated  for  110  us  into  six  circulating  bunch¬ 
es,  each  of  nanosecond  width  every  8.3  ms,  and  are  ex¬ 
tracted  at  a  rate  of  720  bunches/s.  In  the  tong-bunch 
mode,  a  single  270-ns  bunch  is  accumulated  in  750  us 
every  67  ms.  Each  bunch  is  extracted  within  a  few 
microseconds  after  accumulation  is  completed.  The  cir¬ 
culation  period  of  protons  in  the  PSR  is  360  ns. 

Design  and  Reliability  Considerations 

A  bunch  trajectory  deflection  of  6  mrad  is  re¬ 
quired  for  extraction  from  the  PSR.  This  requires  a 
magnetic  field  path  of  300  G-m  (Gauss-meter).  Because 
of  the  requirement  for  fist  risetime  and  good  pulse  fi¬ 
delity,  the  "magnet"  is  a  parallel-pUte  transmission 
line  4  *  long,  schematically  illustrated  in  Fig.  1. 
The  force  on  a  proton  moving  between  the  plates  is 
iFl»ql6+YxBI*  qe(l  *  8),  where  6  *  v/c  •  0.84  is 
the  proton  velocity  expressed  as  a  fraction  of  the  ve¬ 
locity  of  light,  and  left  I  «  If  I  for  TEN  wave  propaga¬ 
tion  in  vacuum.  The  deflection  pulse  is  propagated  in 
the  direction  opposite  that  of  the  protons  to  get  addi¬ 
tive  effects  of  electric  and  magnetic  forces. 

The  two  sides  of  the  transmission  lines  are  driven 
with  pulses  of  opposite  polarity,  resulting  in  a  vir¬ 
tual  ground  at  the  midplane.  The  impedance  seen  by  the 
pulse  generator  is  50  n  for  each  plate  relative  to 
ground.  For  a  10  cm  aperture  (separation  between 
stripline  elements),  a  voltage  of  t  50  XV  is  required. 
The  pulse  parameters  for  the  short-  and  long-bunch-mode 
modulators  are  listed  in  Table  I. 

A  number  of  design  requirements  follow  from  the 
application  of  the  modulators  in  a  working  accelerator 
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Fig.  1.  PSR  extraction  modulator  schematic. 


table i 

PSK  FAST  EXTRACTION  MODULATOR 
FULSE  PARAMETER* 


PARAMETER _  MOAT  EUMCH  MOOt  LOMO  PUNCH  MOPE 

MUftftOA*  Rwn  Mm»a  tme  Preemm  tamataea  Hmmm  Sfeqpe  27*  m  P»iw« 


*114*  VOLT  AO  I 

•MV 

MfcV 

NU14C  CUftftlNT 

<♦»  A  l-l 

IfcA 

IkA 

*JLM  MSCTIMC 

Ota 

HJIJU  PAtLTMM 

<  Mm 

NmterteM 

HJ Hi  MU  WIDTH 

>  3tOm 

ftfACtKT  A FT(  ft  ftUUf  ft  MKXX/T 

Mm 

ftUU*  MHTlTION  ft  ATI 

720  Hq 

12  tlOHa 

ftCAR  ftOWtft 

100  MW 

1«MM 

AVKftAQI POWKft 

4JMT 

041  OM 

facility.  Because  of  the  tlmlted  downtime  acceptable 
to  the  user  and  the  limited  operating  budgets,  all  of 
the  modulator  components  must  have  a  long  lifetime. 
High  reliability  is  essential  since  the  consequence  of 
improper  deflection  is  beam  spillage,  which  makes  the 
PSR  radioactive.  Thus  the  failure  rate  in  the  long- 
bunch  mode  should  not  exceed  10'4 

Pulse-Generator  Systems 

The  development  of  the  short-bunch  mode,  fast- 
extraction  modulator  prototype  is  detailed  In  this  re¬ 
port.  Similar  systems  will  be  used  for  the  inng  bunch 
mode,  fast-extraction  mcdulator.  The  shorc-bunch-mode 
modulator  presents  the  laigest  technological  challenge; 
the  long-bunch  modulator  problems  are  similar  but  less 
demanding. 

A  symmetrical  generator  system  is  desired  to  re¬ 
duce  the  deflection  voltage  levels  required  with  re¬ 
spect  to  ground.  In  addition,  it  is  desirable  to  use 
some  type  of  voltage  multiplication  system  to  reduce 
the  required  switch  operating  voltage  and  thus  increase 
reliability.  Several  pulse-forming  network  (PFN)  type 
pulse-generator  systems  were  evaluated  because  of  the 
square  pulse  shape  desired.  The  requirement  for  mini¬ 
mum  prepulse  favors  a  switched  PFN  that  prevents  charg¬ 
ing  transients  in  the  load  as  shown  in  Fig.  2a.  How¬ 
ever,  the  switch  of  Fig.  2a  must  operate  at  twice  the 
desired  output  voltage,  and  some  form  of  voltage  inver¬ 
sion  (transformer)  or  double,  oppositely  charged,  sys¬ 
tem  must  be  used  to  obtain  the  required  push-pull  out¬ 
put.  The  basic  81um1e1n  system  of  Fig.  2b  can  be  used 
to  reduce  the  switch  operating  voltage  to  that  of  the 
desired  output-pulse  voltage,  but  the  line  charging 
current  must  flow  through  the  load,  causing  a  prepulse. 
A  dual,  oppositely  charged,  Blumleln-llne  scheme  can  be 
configured  to  provide  push-pull  outputs  as  shown  in 
Fig.  2c,  but  again  the  switch  must  operate  at  twice  the 
single  output  voltage  and  must  be  dc  Isolated  with  re¬ 
spect  to  ground  for  the  charging  potentials. 

A  new  Ferrite- Isolated  Blumleln-(FIB)  line  circuit 
was  developed  at  LASL  to  alleviate  the  above  problems 
and  is  shown  in  Fig.  3.  This  circuit  uses  one  element 
to  switch  two  Blumlein  lines  in  parallel  (instead  of  in 
series  as  in  Fig.  2c)  and  ferrite  Inductive  isolation 
to  provide  bipolar  output  pulses.  Computer  network 
analysis  indicates  that  the  sue  of  the  output  pulses  Is 
<0.01*  of  the  absolute  value  of  each.  The  FIB  line 
circuit  can  also  reduce  the  charging  currents  that  flow 
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through  the  loads.  If  the  circuit  is  charged  at  two 
points  from  the  same  source,  the  prepulses  can  be  re¬ 
duced  to  < IX  of  the  output  voltage. 

The  pulse-generator  system  of  Fig.  3  was  fabri¬ 
cated  using  45  ns  (15  ft),  23-SI  coaxial  cable  (17/14) 
lines  and  50-  R  output  cables.  Sixty  Ferrocube  Type 
C38,  2- in.  o.d.  ferrite  toroids  per  line  provide  suffi¬ 
cient  inductive  Isolation  for  the  short-bunch  mode  when 
the  cable  Is  threaded  through  them,  as  shown  In  Fig.  4. 
The  assembly  is  switched  with  an  EG&G  HY-3024  gradient- 
grid  thyratron  for  Increased  voltage  hold-off  reliabil¬ 
ity.  The  tube  is  mounted,  as  shown  in  Fig.  5,  in  a 
low- Inductance  shroud  on  an  EG&G  TM-42HV  isolation  sys¬ 
tem.  The  switch  tube  rises  to  one-half  the  output 
voltage  during  the  pulse.  Initially,  the  tube  was 
triggered  with  a  2.5-kV  positive  pulse  (unloaded)  from 
an  SCR-swItched  PFN  added  to  the  negative  bias  at  grid 
G2  and  a  positive  bias  on  Gl,  as  shown  In  Fig.  6a.  The 
resulting  pulse  shape,  shown  in  Fig.  6b,  indicates  an 
unacceptably  long  tum-on  time  for  the  tube.  Several 
other  trigger  configurations  were  investigated  and  are 
shown  with  their  resultant  output  pulses  In  Figs.  7  and 
8.  The  jitter  for  the  trigger  arrangements  of  Figs.  6- 
8  was  excessive,  ranging  from  ilO  to  t 200  ns.  A  trig¬ 
ger  booster  consisting  of  an  8.5-fl,  1-us  PFN  swlteheu 
by  an  EG&G  HY-6  thyratron  in  the  cathode  follower  cir¬ 
cuit  of  Fig.  9a  was  Inserted  between  the  original  trig¬ 
ger  unit  and  the  HY-3024.  Three  overlays  of  the  re¬ 
sulting  output  pulse  shape  are  shown  in  Fig.  9b,  indi¬ 
cating  low  total  system  jitter  (1-2  ns)  and  very  good 
circuit-limited  pulse  shape.  The  voltage  on  the  trig¬ 
ger  booster  was  reduced  from  4  kV  to  1  kV  with  little 
deterioration  In  pulse  rise-  and  falltime  (  ^lOt  In¬ 
crease).  The  delay  time  from  booster  anode  voltage 
fall  to  HY-3024  anode  fall  Is  about  55  ns.  The  trigger 
booster  pulse  length  was  reduced  from  1  us  to  250  ns 
without  any  observable  change  In  delay,  jitter,  or  out¬ 
put  pulse  shape.  Note  that  the  after-pulse  rlngout  Is 
greater  than  that  desired,  but  can  be  reduced  by  match¬ 
ing  the  pulse  generator  to  the  load  more  closely. 

Charging  System 

The  charging  system  Is  required  to  charge  the 
Blumleln  lines  (~5  nF)  to  50  kV.  The  desire  for  high 
reliability  Is  manifest  In  the  choice  of  a  charging 
system  that  uses  a  combination  of  resonant  and  trans¬ 
former  pulse  charging.  The  charging  circuit  is  shown 


Fig.  4.  FIB  line. 


Fig.  5.  Thyratron  shroud  and  deck. 


in  Fig.  10.  Ideally,  a  10:1  voltage  step-up.  trans¬ 
former  would  be  used  to  charge  the  Blumlein  lines  to 
50  kV  from  an  Intermediate  capacitor  resonantly  charged 
to  5  kV.  However,  the  stray  capacitances  are  a  siza¬ 
ble  fraction  of  the  FIB  line.  Thus  the  Intermediate 
energy  storage  capacitor  must  be  resonantly  charged  to 
6.2  kV  in  order  to  charge  the  FIB  line  to  50  kV.  The 
Intermediate  energy  storage  capacitor  Is  resonantly  \ 

charged  In  250  us.  Then  the  transformer  system  charges  I 

the  Blumleln  lines  to  50  kV  In  '-4  us.  The  main  Blum- 
leln-llne  switch  Is  triggered  within  100  us  after  -  - 

charging  so  that  the  high-voltage  system  Is  energized 
for  only  a  short  time,  reducing  prefire  probability.. 

The  transformer  backswing  also  assists  in  turning  off 
the  charge  thyratron  (Initially  an  EG&G  HY-3002)  so 
that  both  switches  are  not  closed  simultaneously  to  re¬ 
duce  fault  problems.  The  charge  thyratron  Is  a  25-kV 
unit,  but  it  Is  operated  at  only  6.2  kV  to  reduce  pre¬ 
fires  and  fncrease  reliability.  The  voltage  on  the  In¬ 
termediate  energy  storage .capacitor  Is  regulated  with 
a  reactive  de’Q"  circuit1  also  Illustrated  In  Fig. 

10.  The  voltage  on  the  Intermediate  capacitor  Is  moni¬ 
tored  during  the  charging  cycle  and  the  de“Q*  switch  Is 
closed  when  the  voltage  reaches  the  desired  value. 

Closing  the  switch  returns  any  residual  energy  stored 
In  the  charging  choke  to  the  low-impedance  power-supply 
filter  capacitor  and  thus  prevents  the  intermediate  en¬ 
ergy  storage  capacitor  from  charging  further.  The 
charge  thyratron  and  blocking  diodes  require  the  larg¬ 
est  average  and  rms  currents.  The  switch-tube  and  di¬ 
ode  requirements  are  listed  In  Table  II.  The  charge 
thyratron  will  probably  have  to  be  a  5- In.  EG&G  tube 
(123  A  rms)  to  provide  reliable  long-life  operation  at 
the  43  A  rms  current  required.  A  complete  computer 
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Fig.  6.  Initial  trigger  circuit  and  pulse  output. 
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Fig.  7.  Inverted  trigger  circuit  and  pulse  output. 


TABLE  II 

SHORT-BUNCH  MODE 

EXTRACTION  MODULATOR  SWITCH  A NO  DIODE  PARAMETERS 


Parameters 

Charging 

Switch 

Output 

Switch 

Charging 

Diode 

Operating  voltage 

6.2  kV 

50  kV 

50  kV 

Peak  current 

1.3  kA 

4.3  kA 

120  A 

Repetition  rate 

720  Hz 

720  Hz 

720  Hz 

Pulse  width 

3.5  us 

50  ns 

250  us 

Average  current 

2.0  A 

1.5  A 

2.0  A 

RMS  current 

43  A 

18  A 

6.0  A 

Lifetime 

>10*  H 

>104  H 

>10*  H 

I)  OUTPUT  TOUt  MVI  FORMS 


rig.  8.  Double  pulse  trigger  circuit  and  pulse  output. 
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Fig.  9.  Trigger  booster  circuit  and  pulse  output. 


model  of  the  charge  system  was  used  to  check  the  thyra- 
tron  performance  and  the  charging  efficiency  of  the 
transformer  circuit.  The  system  charging,  excluding 
the  power  supply.  Is  about  80S  efficient  for  this  par¬ 
ticular  circuit;  most  of  the  energy  Is  lost  to  the 
transformer  stray  capacitance,  which  Is  close  to  10X  of 
the  Slwleln-llne  capacitance.  The  remainder  Is  lost 
In  the  charge  thyratron,  the  diode  snubber,  the  diode 
forward  resistance,  and  the  transformer  magnetizing 
reactance. 

Charqlna  Diode  Tests 

The  charging  diodes  for  the  fast  (4  us)  trans¬ 
former  charge  system  present  several  unusual  require¬ 
ments.  First,  the  rms  and  average  currents  are  large, 
as  listed  in  Table  II.  Second,  the  charging  diodes 
must  turn  on  In  less  than  one-tenth  of  the  current 
pulse  to  prevent  large  anode  dissipation,  and  must  re¬ 
cover  In  less  than  one- tenth  of  the  current  pulse  time 
to  prevent  energy  from  returning  to  the  transformer 
primary  energy  store.  Several  manufacturers'  diodes 
were  tested  for  1-1/  turn-on  characteristics,  and  also 
life  tested  singly  at  the  current  levels  and  repetition 
rates  present  In  the  actual  circuit.  The  voltage  and 
current  waveforms  for  several  diodes  from  different 
manufacturers  are  shown  In  Fig.  11. 

System  Considerations 

The  entire  modulator  system  Is  mounted  on  a  hy¬ 
draulic  scissor  lift  table  Inside  a  tank  of  transformer 
oil,  as  shown  in  Fig.  12.  The  output  cables  are  routed 
to  the  deflection  structure  within  the  proton  storage 
ring  and  then  on  to  50-3  loads  for  dissipation.  The 
lift  table  permits  easy  access  to  the  components  for 
modification  and  maintenance.  Two  separate  kicker  sys¬ 
tems  (short-bunch  and  long-bunch  modes)  will  be  used 
separately  with  the  same  deflection  structure.  The 
modulator  system  will  be  equipped  with  computer-pro¬ 
grammable  time-delay  units  and  power  supplies  to  permit 
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Fig.  10.  Two-stage  resonant  and  transformer  charge  circuit 
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Fig.  11.  Diode  voltage  and  current  waveforms. 


Fig.  12.  Picture  of  short-bunch-mode  modulator 
prototype. 


Conclusions 

The  development  of  a  short-bunch  mode  fast-extrac¬ 
tion  modulator  for  the  LASL  proton  storage  ring  has 
made  necessary  the  design  and  development  of  a  resonant 
transformer  charging  circuit  and  the  design  of  a  new 
FIB  line  circuit  to  provide  bipolar  pulse  outputs  with 
low  prepulse,  postpulse,  and  an  optimum  high-voltage 
switch  environments.  The  systems  are  now  being  devel¬ 
oped  to  operate  reliably  at  the  high-average  powers  re¬ 
quired.  The  short-bunch  mode  fast-extraction  modulator 
prototype  Is  presently  operating.  The  Initial  con¬ 
struction  of  the  long-bunch  mode  fast-extraction  modu¬ 
lator  prototype  Is  under  way,  with  results  expected 
within  the  year. 


computer  control.  The  time-delay  units  will  be  Inter¬ 
faced  to  the  modulator  system  by  LASL  fiber  optic  trig¬ 
ger  links. 

Life  test  of  the  prototype  system  and  components 
at  the  desired  operating  conditions  will  provide  relia¬ 
bility  data  for  the  final  modulator  systems. 
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OVERVIEW  OF  THE  ETA/ATA  PULSE  POWER* 
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Introduction 

A  pulsed  electron  accelerator  Has  been 
constructed  and  Is  now  In  operation  at  the  Lawrence 
Livermore  Laboratory!.  This  Experimental  Test 
Accelerator  (ETA)  a  5  NeV,  10  kA,  50  ns  FWHM,  five 
pulse  burst  at  1  kHz,  was  designed  to  be  the  front 
end  or  injector  for  the  Advanced  Test  Accelerator 
(ATA).  The  ATA  Is  presently  under  construction  and 
will  have  the  following  parameters:  bean  energy  - 
50  MeV,  beam  current  -  10  kA,  pulse  length  -  70  ns, 
repetition  rate  In  a  ten  pulse  burst  -  1  kHz. 

The  parameters  which  make  the  pulse  power 
components  unique  for  these  machines  are  the  high 
repetition  rate  In  a  burst  and  a  high  degree  of 
regulation  In  the  system  to  Insure  pulse  to  pulse 
repeatability.  Because  of  the  larger  number  of 
components  required  for  the  ATA,  a  much  higher 
degree  of  reliability  will  be  required. 

Improvements  and  modifications  continue  to  be  made 
on  the  ETA  which  Is  serving  as  a  base  of  development 
for  all  ATA  pulse  power  components.  Furthermore, 
all  ATA  pulse  power  components  will  be  tested  at 
length  In  a  test  stand  before  beginning  mass 
production  to  Insure  proper  design  to  meet  voltage, 
current,  rep-rate  and  life  requirements. 

Overall  System 

A  block  diagram  of  the  overall  system  Is  shown 
In  Figure  1.  Although  many  of  the  major  components 
for  the  ATA  are  similar  or  identical  to  the  ETA'S, 
there  are  several  changes  In  overall  design  that  are 
being  made  and  several  proposed  ones  for  Improved 
performance. 

Charging  System 

The  ETA  adapted  the  existing  modulators  In  a 
constant  current  charging  mode  as  the  primary 
regulated  power  source  while  the  ATA  will  utilize  a 
much  simpler  and  less  expensive  capacitor-limited 
voltage  doubler  system.  The  high  degree  of 
regulation  required  for  pulse  to  pulse  repeatability 
will  be  achieved  by  one  of  two  ways,  depending  on 
the  switch  chassis  system  adopted.  If  the  ETA 
technique  of  sequential  firing  of  parallel  chassis 
Is  adopted  to  achieve  high  repetition  rates,  then  a 
crowbar  will  be  used  to  accurately  stop  charging 
when  the  proper  voltage  Is  reached  and 
simultaneously  the  primary  AC  power  switch  Is 
opened.  A  serial  rep-rateable  system  1$  also  under 
consideration.  If  adopted, the  regulation  will  be 


obtained  by  the  de-quel ng  of  a  command  resonance 
charging  system.  In  either  case  the  capacitor 
limited  doubler  will  yield  a  leading  power  factor 
which  Is  beneficial  In  partially  canceling  some  of 
the  magnet  system  lagging  power  factor. 

Switch  Chassis  and  Resonant  Transformer 

The  load  to  the  charging  system  Is  the  12 
Blumleln  capacitance,  about  14  nF.  A  resonant 
transformer  Is  still  the  logical  choice  for  charging 
the  water  Blumleln.  The  ETA  utilizes  a  coupling 
coefficient  of  0.525  thus  avoiding  a  bidirectional 
switch2.  All  existing  systems  were  capable  of 
handling  the  extra  power  required  by  the  less 
efficient  coupling.  In  the  case  of  the  ATA, 
however,  because  of  the  much  larger  energy  Involved, 
It  became  Imperative,  that  we  adopt  the  more 
efficient  coupling  coefficient  of  It  *  0.6  for  the 
resonant  transformer.  This  type  of  transformer  Is 
extensively  used  for  charging  capacitive  loads  and 
yields  optimum  conditions  for  energy  transfer  from 
the  primary  capacitance  to  the  secondary.  At  the 
peak  of  the  secondary  or  Blumleln  voltage,  the 
primary  voltage  and  current  and  secondary  current 
are  all  zero  resulting  In  almost  all  the  energy 
being  transferred  to  the  Blumleln  and  then  out  to 
the  load  by  the  spark  gap.  In  order  to  carry  the 
reverse  current  through  the  switch  a  thyratron  In 
the  reverse  direction  has  been  added.  This  type  of 
a  switch  will  be  adopted  with  either  the  parallel 
delivery  system  or  the  series  rep-rate  systma. 

Figure  2  Is  the  schematic  for  the  pulse  power 
conditioning  system. 

A  quick  look  at  SCR  technology  showed  that  many 
advancements  have  been  made  in  dl/dt,  but  a 
considerable  development  program  would  be  necessary 
before  a  direct  replacement  for  the  thyratron  could 
be  made.  Schedule,  rep-rate  and  life  considerations 
did  not  allow  us  to  pursue  the  usage  of  a  low 
voltage  spark  gap  as  a  primary  switch. 

In  comparing  the  parallel  delivery  system  with 
the  series  rep-rate  one,  there  Is  little  doubt  that 
the  series  one  offers  less  Interaction  between 
components.  Is  easier  to  maintain,  and  Is  more 
flexible.  It  carries  with  it  a  new  set  of  problems 
such  as  regulation,  frequency  response  and  a  large 
energy  storage  bank.  The  parallel  one,  however, 
offers  the  capability  of  higher  repetition  rate 
during  a  burst  tlnce  the  switch  has  to  handle  only 
one  pulse  In  a  burst  and  recover  before  the  next  one 
fires.  This  is  a*,  the  cost  of  more  components. 


•Lawrence  Livermore  National  Laboratory  Is  operated  by  the  University  of  California  for  the  Department  of 
Energy  under  Contract  (to.  W»7405-Eng-48. 

*ATA  Project  Work  Is  performed  by  LLNL  for  the  Department  of  Oefense  under  DARPA  (000)  ARPA  Order  3718, 
Amendaent  #14,  monitored  by  NSWC  under  Contract  No.  N60921-80-P0-H0Q03 
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The  Blumleln  for  the  ATA  accelerator  has  been 
Increased  In  diameter  from  15*  to  18".  This  should 
yield  fetter  breakdowns  at  the  250  kV  levels.  This 
design  Is  expected  to  hold  voltage  In  the  full 
ringing  node  at  280  kV  without  breakdown.  Figure  3 
shows  a  typical  ringing  test  at  full  rep-rate.  Ue 
are  also  attesting  to  equalize  the  length  of  the 
Inner  and  outer  lines,  but  difficulty  In  air  bubble 
removal  frota  the  water  dielectric  may  make  this 
design  Impractical.  Ue  have  further  deviated  from 
the  ETA  design  In  that  we  have  traded  some  Impedance 
for  length  to  obtain  a  70  ns  FWHM.  The  Blumleln 
impedance  Is  now  12fi  and  the  overall  result  Is  an 
Increase  In  the  total  energy  stored. 

The  spark  gap3  has  undergone  considerable 
redesign  In  order  to  adapt  to  the  new  larger 
diameter  Blwleln.  The  new  design  reduces  the 
Inductance  from  the  Blumleln  to  the  spark  gap 
electrodes.  The  electrodes  and  the  spacing  remain 
essentially  unchanged.  ETA  has  shown  that  the 
coaxial  cylindrical  geometry  allows  the  trigger 
electrode  to  wear  uniformly  In  the  axial  direction 
with  no  change  In  electrical  characteristics 
resulting  In  long  life.  The  coaxial  geometry 
further  assures  high  gas  velocities  to  achieve  the 
one  k Hz  burst  mode  repetition  rate. 


Accelerator  Cell  and  Transmission  Lines 

The  accelerator  consists  of  a  2.5  MeV  electron 
gun  and  190  accelerator  Induction  units.  Each 
accelerator  unit  generates  250  kV.  The  energy  at 
each  gap  Is  achieved  the  same  way  as  In  the  ETA;4 
the  induction  electric  field  Is  generated  by  a 
changing  magnetic  flux  In  the  ferrite  materials. 

The  ATA  cavities  have  been  tested  and  have  shown 
that  they  can  support  the  70  ns  FWW  required.  The 
ferrite  cores  were  carefully  selected  so  that  they 
would  automatically  be  reset  to  reverse  saturation 
by  the  Blumleln  charging  current.  One  major 
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difference  between  the  ETA  and  ATA  accelerator  cell 
Is  the  added  ferrite  pieces  on  the  feed  points  and 
back  plane  of  the  cell  to  suppress  the  beam  breakup 
mode  frequencies.3  (Figure  4)  This  has 
eliminated  the  need  for  pulsed  magnetic  fields  to 
Insure  beam  stability.  The  magnet  power  supplies 
require  a  stability  of  0.021  to  Insure  a  stable  beam 


Even  with  the  vottage  limitations  Imposed  by 
the  cables,  the  jitter  on  the  ETA  was  quite 
acceptable.  On  the  ATA,  however,  we  will  use  higher 
voltage  cables  which  will  allow  us  to  Increase  the 
trigger  voltage  level  by  501  and  easily  Insure  the 
low  Jitter.  A  similar  fan-out  system  as  the  ETA 
will  be  used  until  sufficient  outputs  are  available 
to  trigger  the  whole  accelerator  (Figure  5).  The 
timing  of  the  accelerator  gap  voltages  relative  to 
each  other  Is  adjusted  by  cable  lengths.  The  same 
switch-chassis,  resonant  transformer  and  spark  gap 
as  the  rest  of  the  system  will  be  used  except  for 
the  Blumleln  which  will  store  less  energy. 

1 The  Experimental  Test  Accelerator  (ETA),  by 

"irmiesterTTm , 

IEEE  Transactions  on  Nuclear  Science,  Volume  NS26, 
No.  3.  June  1979 

^ff -Resonance  Transformer  Charging  For  250  kV 
Water  Blumleln  by  E.  Cook.  L.  Reqlnato. 

Thirteenth  Pulse  Power  Symposium,  Buffalo, 

New  York  1978 

^Wlqh  Repetition  Rate  Burst-Mode  Spark  6ap.  by 
A.  Fallens  et  al  Thirteenth  Fulse  Power  SymposliM, 
Buffalo,  New  York  1978 
4Pulsed  Ferrite  Core  Tests  For  50  ns  Linear 
induction  Accelerator,  by  L.  Reqlnato.  FT  Cook, 

U.  Dexter,  J.  SchmTtff  at  The  International 
Magnetics  Conference,  Florence,  Italy 
May  9-12,  1978 

deduction  of  The  Beam  Breakup  Mode  Q  Values  In  The 
ETA/ATA  Accelerating  Cell  by  Daniel  Blrx. 
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FIGURE  1.  POWER  CONDITIONING  DIAGRAM 


FIGURE  2.  PULSE  POWER 
CONDITIONING  COMPONENTS 


FIGURE  4.  ACCELERATOR  CELL 


PULSED  POWER  ACCELERATORS  FOR  PARTICLE  BEAM  FUSION* 

T.  H.  Martin,  C.  W.  Barr,  J.  P.  VanDavandar,  R«  A.  Whit a,  and  D,  L.  Johnson 
Pulaad  Povar  Systems  Dapartaant  *  4250 
Sandla  National  Laboratoriaa,  Albuquerque,  Haw  Mexico  87185 
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Sandla  National  Laboratoriaa  la  completing  tha 
construction  phase  of  the  Particle  Beaa  Fusion 
Accelerator— I  (PBFA-t).  Testing  of  tha  36  aodule, 

30  TV,  1  MJ  output  accelarator  is  in  the  initial 
stages.  Tha  4  MJ,  PBFA  Marx  generator  has  provided 
3.6  MA  Into  water-copper  sulfate  load  resistors 
with  a  spread  froa  first  to  last  Marx  firing  between 
15  to  25  ns  and  an  output  power  of  5.7  TV.  This 
accelarator  Is  a  nodular,  lower  voltaga,  pulsed  power 
device  thee  Id  capable  of  scaling  to  power  levels 
exceeding  100  TV.  Research  on  tha  upgrade  of  PBFA-1 
to  PBFA-tl  is  already  underway.  PBFA-II  will  be  a 
100  TV,  3.5  HI  output  accelerator  which  will  provide 
a  testbed  for  breakeven  target  axperlaents. 

This  type  of  accelerator's  high  efficiency  end 
low  cost  sake  it  an  attractive  candidate  for  a  fusion 
energy  reactor  systea.  Present  accalerator 
efficiencies  range  between  30  to  40  percent  froa  tha 
Marx  generator  to  the  electron  or  Ion  beaa  diode  and 
construction  coats  are  less  chan  ten  dollars  par 
joule.  The  elesMncs  of  the  PBFA  technology  and  their 
Integration  Into  an  accalerator  systea  for  particle 
beaa  fusion  will  be  discussed. 

Overall  Proaraa  Update 

During  che  last  12  aonths,  the  Electron  Beaa 
Fusion  Accelerator*  (EBFA)  has  bean  aodlfied  to 
accelerate  alther  electrons  or  Ions  and  renamed  the 
Particle  Beaa  Fusion  Accelerator  (PBFA).  This  modi¬ 
fication  was  accomplished  with  a  slight  coat  Increase 
and  with  no  change  In  delivery  elaa  and  represents 
an  example  of  the  flexibility  of  this  approach  to 
fusion.  Figure  1  shows  Ion  beaa  focussing  progress 
which  Initiated  tha  change.  Recently,  tha  focussed 
Ion  power  density  was  Increased  by  a  factor  of  tan. 
Simultaneously,  target  design  lnproveMnts  (shown  as 
circles  labelled  SL  and  LLL)  resulted  In  a  several 
fold  reduction  In  the  required  beaa  Intensity  for 
breakeven.  These  two  factors  Indicate  that  scientific 
feasibility  demonstration  of  ICF  can  be  accoapllshed 
on  PBFA-11,  our  next  accelerator  upgrade.  Present 
Ion  currant  densities  approaching  1  MA/cnz  and 
present  Ion  output  energies  over  150  kJ  have  been 
achieved  In  separate  experiments. 3  Reasons  for 
choosing  tone  over  electrons  are  shown  In  Figure  2. 

The  changes  Involved  between  PBFA-I  and  PBFA-11 
are  shown  la  Figure  3.  The  present  .8  TV  modules 
will  be  upgraded  within  the  sane  voluaa  and  tha 
accelerating  voltage  will  be  Increased  froa  2  to  4  MV 
for  better  coupling  to  the  targets  and  aora  flexible 
aagnetlcally-lnaulorad  outputs.  Tha  present  36 
modules  will  be  Increased  to  72  and  the  upgrade  will 
be  praaasembled  and  then  placed  Into  the  present 
tankage.  The  Installation  of  the  upgrade  will  require 
one  year.  PBFA-II  will  be  described  In  mors  detail 
at  this  conference  by  D.  L.  Johnson. 

PBFA-I  Accelarator  Description 

As  teen  la  Figure  4,  the  electromagnetic  power  is 
obtained  by  operating  36  nodules  la  parallel.  Each 
module  has  a  sequence  of  energy  stores  which  are 
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Fig.  1.  Light  Ion  Beaa  ICF. 
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*fhls  work  was  supported  by  tha  U.  3.  Departs 
Energy  under  Contract  DR-AC04-76-DF00789. 
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Fig.  2.  Light  Ion  Features. 

separated  by  synchronised  switches.  Tha  primary  energy 
store  is  a  M2  kJ  Marx  generator  composed  of  capacitors 
charged  to  +  100  kV.  Tha  Marx  switching  Is  accomplished 
with  triggered  gas  switches.  Tha  Marx  energy  la 
transferred  to  a  water  Intermediate  storage  capacitor 
In  800  nanoseconds  while  achieving  a  peak  power  of  7  TV 
with  the  4  MJ  transfer.  Tha  water  capacitors  then 
transfer  the  energy  to  tha  pulse  forming  Una  In  200 
nanoseconds  through  36  triggered  gas  switches.  This 
triggered  switch  provides  the  timing  synchronisation 
for  all  aodulas  and  has  a  raa  uncertainty  of  1.6  ns. 

Tha  aodulas  each  have  two  parallel  pulse  forming  Unas 
which  are  switched  into  a  wave  mixer  using  self- 
breakdown,  multichannel ,  water-dielectric  switches. 
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partid*  type  0  — »  i 

power/modute  ATW  — »  L3TW 

pulse  tagth  40ns  — >  40ns 

voltage  2  MV  — »  4MV 

number  of  modules  34  — *12 

(module  (module 
operational)  under 
develop¬ 
ment) 

•upgrade  will  take  1  year -mid  *83-194 
•same  tank,  controls,  etc. 


Ft^.  3.  PBFA-II  Changes. 


The  output  puls*  (40  n« )  than  flow*  through  •  11a* 
transformer  to  th*  vacuum  lnaulator.  Th*  resulting 
2  MV  pula*  la  placed  on  th*  magnetically-insulated 
transmission  Unaa*  and  tranaportad  at  atraaaa*  of 
2  MV/cm  to  th*  targat  chaabar.  Dlodaa  than  eonwart 
th*  electromagnetic  energy  to  partlela  baaa  energy 
batwaan  20  ea  and  90  en  away  froa  th*  targat.  Th* 
Iona  ar*  than  focuaaad  or  tranaportad  In  plaaaa 
channal*  to  the  target. 

Preaant  Conatruetlon  Statue 


Th*  accelerator  building  ha*  baan  coaplatad  and 
the  accelerator  la  nearing  coaplatlon.  Th*  flrat 
accelerator  output  la  expected  by  July  1980.  A  photo¬ 
graph  of  th*  tank  la  shown  aa  Figure  3.  Th*  Marxa* 
are  fully  nodularizad  and  can  b*  replaced  alaply  by 
removing  on*  unit  with  the  crane  and  lnaartlng  th*  next 
unit.  Th*  Karxa*  ar*  poaltloned  by  I-beam  aupporta  aa 
ahown  in  Flgur*  6.  The  Marx  Puller  Unit  (MPU) ,  which 
trigger*  four  Marx  generators,  la  ahown  on  the  tank 
floor.  It  la  located  behind  the  aaln  Marx  aa  ahown  In 
Figure  7.  These  MPU's  are  developed  by  Maxwell  Laboratories 
for  Sandia. 

A  safety  switch  which  can  direct  a  trigger 
pulse  either  to  ground  or  the  main  Marx  Is  Included  and 
will  be  discussed  later.  Th*  Marx  generator  output  Is 
switched  mechanically  between  the  water/oil  feedthrough 
insulator  and  a  water  resistor  load  as  ahown  In  Figure  8. 
These  components  are  In  the  oll-lnsulated  section. 


Fig.  5.  PBFA-I  Tankage. 
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rig.  7.  PBFA-I  MPO. 


Fig.  9.  PBFA-t  Water  Switch. 


The  21  ofd  watar-lnaulated  energy  itoraga  capacitor* 
ara  ahown  la  F lgur*  9  along  with  a  3  MV- triggered  twitch, 
Thaaa  component*  art  all  la  tha  watar  aactloa. 

Tha  front  of  the  pulaa  foralng  llnaa  conaoct  through 
a  water-insulated  llna  transformer  co  tha  vecuua  lnter- 
faca.  Tha  froat  of  eha  -cuua  Intarfaca*  and  tha 
magnetically  lnaulatad  llnaa  ara  ahown  at  rigura  10. 
Thlrty-elx  of  thaaa  llnaa  than  convarga  on  tha  pallet 
chaabar  aa  ahown  In  rigura  11.  Rota  tha  four  tachnlclana 
to  provide  relative  acala. 

Module  Protect lva  and  Taatlna  Davlcaa 

A  coaaon  failure  node  for  nodular  pulaa  povar 
accelaratora  la  a  praflra.  Thle  occura  whan  the  Marx 
geoaratore  ara  being  charged  or  ara  waiting  for  tha 
trigger  pulaa.  When  a  praflra  occura  and  no  protactlva 
davlcaa  ara  available,  two  consequence*  can  occur, 
rirat,  the  axparlnant,  which  uaually  take*  aany  aanhoura 
to  Inatall,  la  daatrored.  Second,  the  3  MV  gae  trigger 
ayataa  nay  not  fire  and  tha  watar  capacltora  will  arc 


over  and  destroy  theaaalvaa.  To  prevant  thaaa  problaaM, 
three  energy  dlvartor  awltchaa  ware  Inatalled 
aa  ahown  in  Figure  12.  The  flrat  twitch,  between  tha 
trigger  Marx  and  tha  main  Marx,  will  dlvart  any  prefiring 
tlnlng  circuit  or  trigger  pulaa  generating 
clrculta  up  to  a  few  seconds  before  accelerator 
operation.  In  addition,  thla  ayataa  will  be  exerclaad 
froa  tha  control  rooa  to  a how  correct  operation  of 
tha  triggering  ayataa  prior  to  the  axperlaent.  The 
eecond  evltch,  which  connect#  the  Marx  generator 
with  tha  lntaraadlata  atora,  la  noraally  connected 
to  a  duap  raalator.  In  caaa  of  a  aaln  Marx  praflra, 
the  anargy  la  routad  Into  thaaa  duap  realatora. 

Again  thoee  realatora  ara  ueed  to  teat  the  tialng 
and  firing  of  the  entire  accelerator  co  thla  point 
Juat  prior  to  a  chaabar  axparlnant.  Tha  previoualy 
daacrlbed  awltchaa  ara  reaotely  operated.  Tha  third 
awltch  auat  ha  aanually  eat  and  connect#  tha  SFg  / 

triggered  awltch  to  a  duap  raalator.  The  raeletor  I 
connection  la  aede  to  check  the  aaln  gaa  awltch 
trigger,  trigger  eyateaa,  and  awltch  function#.  By 
ualng  thaaa  built-in  teat  point#  and  exerclalng  tha 
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rig.  10.  Magnetically-Insulated  Transmission  Unn. 


Fig.  11.  PBFA-I  Central  Sactlon. 

accelerator  frequently,  tha  acealarator  should  provide 
rallabla  pulaaa  for  experimenters  and  pat  allow 
relatively  standard,  lowar  reliability  components  to 
ba  utlllxad  In  tha  acealarator. 

Ham  Canarator  Eggarlaantal  Insults 

Tha  thlrty-slx  Marx  ganarators  have  baan  charged 
to  +  100  kT  which  places  approximately  4  MJ  total 
energy  In  tha  banks.  Tha  Marx  was  than  discharged 
Into  Its  resistive  loads  and  the  voltaga  and  currents 

wars  aaasurad. 

Tha  voltaga  aonltors  generally  have  aora  electrical 
noise  than  the  lower  lapedanee,  better  shielded  current 
aonltors.  Subsequently,  all  tlalng  data  was  obtained 
froa  the  current  aonltors.  Tha  current  monitor  outputs 
wore  recorded  using  a  fast  tlaa  swaep  to  provide  aora 
accurate  data.  A  composite  trace  showing  six 
Marx  generator  currents  Into  thalr  14  oha  loads  la 
shown  la  Figure  13.  The  Marx  generator  erection 
transient  and  discharge  currants  ere  alallar  la  both 
tlaa  and  amplitude.  A  total  current  of  2.6  MA  at  a 
power  of  2.6  TW  for  70  kV  Marx  charga  la  shown. 


SAFE  SAFE  TEST 
4  TEST  A  TEST 


Fig.  12.  FBFA-r  Diverter  Test. 
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Fig.  13.  Marx  Generator  Output  Data. 

Tha  generator  tlalng  spreads  wars  aeasured  by  using 
Taktronlx  7912  digital  recorders  and  data  processing 
equlpaent.  The  tine  between  first  and  last  Marx 
currant  traces  ware  aeasured  and  the  total  spread 
was  obtained.  See  Figure  14.  Spreads  between  13  and 
25  nsec  were  typical.  This  spread  indicates  a  one- signs 
jlttar  between  4  and  6  nanoseconds  for  these  generators. 
Most  of  tha  testing  was  performed  at  a  70  kV  Marx 
charga  (approxlaately  2  MJ)  than  several  proof  shots 
were  performed  at  a  100  kV  charge  and  4  MJ  stored. 

Tha  spread  aeasured  contains  all  jitter  due  to  trigger 
generators,  trigger  Marx  genetators  and  the  main  Marx 
generator. 

This  series  of  tests  shoved  the  Marx  ganarators, 
charging  systeas,  and  trlggarlng  systems  to  be  operating 
wall  with  lowar  jitter  than  expected.  Xnatallatlon  of 
the  water  section  components  Is  almost  completed  and 
the  power  flow  lines  ars  Installed.  Initial  operation 
of  the  accelerator  is  expected  this  aonth. 
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Tlf  14.  Marx  Generator  Timing  Data. 
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PRELIMINARY  PBFA  ll  DESIGN* 

D.  L.  Johnson,  J.  P.  VenDevender  and  T.  H.  Martin 
Sandla  National  Laboratories ,  Albuquerque,  Now  Mexico  87185 


Abatract 

The  upgrade  of  Sandla  National  Laboratorlee 
particle  beam  fualon  accelerator.  PBFA  I,  to  PBFA  II 
preaenta  several  lntereatlng  and  challenging  pulaed 
power  dealgn  problems.  PBFA  II  requlrea  Increasing 
the  PBFA  I  output  paraaetera  froa  2  MV,  30  TV,  l  HI  to 
4  MV,  100  TV,  3.5  MJ  with  the  conatralnt  of  uaing  ouch 
of  the  saae  PBFA  1  hardware.  The  lncreaaed  PBFA  II 
output  will  be  obtained  by  doubling  the  nuaber  of 
aodulee  (froa  36  to  72),  lncreaalng  the  primary  energy 
storage  (froa  4  MJ  to  15  MJ),  lowering  the  pulse 
forming  line  (PFL)  output  lapedance,  and  adding  a 
voltage  doubling  network. 

A  prototype  accelerator,  called  Supermite,  la 
being  fabricated  for  use  In  the  development  and  tasting 
of  PBFA  II  components.  Supermice  tankage  will  accomao- 
date  four  PBFA  II  modules.  However,  only  one  la  ini¬ 
tially  used  for  research  and  davelopaent.  In  Super- 
mite,  a  208  kJ  Marx  generator  charges  a  water  insulated 
transfer  capacitor  which  la  turn  charges  four  water 
Insulated  pulse  forming  lines  through  a  triggered  gas 
switch.  The  self  closing  PFL  output  switches  feed  the 
1.25  MV  power  pulse  Into  a  pulse  conditioner  which 
Increases  the  voltage  to  4  MV  at  400  kA. 

Details  and  data  froa  the  aodula  davelopaent  pro¬ 
gram  and  an  analysis  of  the  effects  of  component  and 
module  Jitters  on  PBFA  It  output  paraaaters  will  be 
presented. 


Introduction 


Sandla  National  Laboratories  particle  beam  fusion 
accelerator,  PBFA  I,  shown  In  Fig.  1  will  be  opera¬ 
tional  In  July  1980.  The  2  MV,  30  TV,  1  MJ  accelerator 
consists  of  36  modules  housed  In  a  100  foot  diameter 
tank.  The  16  foot  wide  outer  section  Is  oil  Insulated 
and  contains  the  Marx  generators.  The  14  foot  wide 
water  Insulated  section  contains  the  intermediate 
storage  capacitor,  SFj  trlgatron  switch,  pulse  forming 
network,  and  vacuua  Interface.  The  final  Inner  section 
of  the  machine  coatalae  the  magnetically  Insulated 
vacuum  transmission  lines  and  the  diodes. 


Fig.  1.  PBFA  I  eccelerator. 


•This  work  was  supported  by  the  0.8.  Dept,  of  Energy, 
under  Contract  DC-AC04-76— DP00789. 


Originally  the  upgrade  of  PBFA  I  to  PBFA  II  was  to 
have  been  the  simple  addition  of  36  more  PBFA  I  modules 
to  the  accelerator.  These  were  to  be  included  as  a 
second  layer  of  modules,  above  the  existing  modules. 

The  output  parsmeters  would  just  be  twice  those  of 
PBFA  I  or  2  MV,  60  TV,  2  MJ. 

The  rapid  progress  that  has  been  made  In  exploring 
the  Ion  option1  for  PBFA  has  shifted  the  emphasis 
froa  having  an  electron  output  to  an  Ion  output.  The 
decision  to  make  PBFA  II  a  light  Ion  accelerator  allows 
a  more  powerful  accelerator  to  be  produced.  Target  and 
Ion  focusing  requirements  make  Increasing  the  output 
voltage  from  2  MV  to  4  MV  advsntageous.  This  Increased 
voltage  allows  the  accelerator  output  to  be  Increased 
froa  60  TV  to  100  TV  with  the  saae  reliability  from 
the  pulsed  power  and  power  flow  technologies  that  we 
have  In  PBFA  I. 

In  addition  to  doubling  the  nuaber  of  modules,  the 
upgrade  to  4  MV,  100  TV  will  require  lncreaeed  energy 
storage  In  the  Marx  generators,  twice  the  nuaber  of 
pulse  forming  lines  per  module,  and  the  developaent  of 
a  voltage  multiplying  transition  between  the  output 
switch  and  the  vacuua  Insulator.  Constraints  Imposed 
by  size  and  space  llaltetlons  and  In  self  breakdown 
water  switching  prevent  the  formation  of  the  4  MV  pulse 
at  earlier  stages  In  the  machine.  The  upgrade  must  be 
accomplished  within  the  PBFA  I  tankage  and,  to  reduce 
cost,  as  much  as  possible  of  the  PBFA  I  hardware  should 
be  utilized.  Low  system  Jitter  with  high  reliability 
must  also  be  maintained. 

To  facilitate  the  necessary  research,  development, 
and  testing  for  PBFA  II,  a  machine  called  Supermite, 
shown  In  Fig.  2,  has  been  constructed.  The  Supermite 
tankage  Is  a  20*  sector  of  the  PBFA  tank  which  can 
house  up  to  four  accelerator  modules.  Development  and 
testing  of  PBFA  II  designs  and  components  will  be 
performed  on  one  or  more  of  the  Supermite  modules. 

The  full  four  module  capability  will  later  be  used  as 
a  demonstration  of  the  engineering  design  of  the 
PBFA  II  system. 


Marx  Generators 


The  present  Marx  generators  used  on  PBFA  I  store 
Insufficient  energy  for  the  PBFA  II  upgrade.  Capaci¬ 
tors  with  energy  greater  than  the  presently  used 
0.7  fit,  100  kV,  3.5  kJ  units  are  required.  Commercial 
suppliers  are  eble  to  produce  capacitors  with  an 
Increased  energy,  6.5  kJ,  and  similar  voltage  In  the 
same  size  can  as  the  PBFA  I  capacitors.  Dae  of  these 
capacitors  Increases  the  Marx  generator  energy  by  86 
percent  from  112  kJ  to  208  kJ  or  15  MJ  total  for  the 
72  PBFA  II  Marxes. 

Tests  of  two  Marx  generators  using  the  6.5  kJ 
capacitors  have  begun  on  the  Mite2  and  Superalta 
facilities.  Hhlle  lifetime  and  reliability  data  have 
not  been  obtained,  the  Marx  generators  have  passed 
full  power  and  voltage  tests.  Figure  3  gives  the 
equivalent  circuit  obtained  during  the  Marx  generator 
tests. 


Figure  4  shows  a  cross  sectional  view  of  the  PBFA 
tank  with  two  levels  of  Marx  generators  Installed. 

The  inductances  of  the  high  voltage  connections  from 
the  Marx  generators  to  the  oil/water  Interfaces  are 
different  for  the  ewo  poeitloue.  This  will  cause 
different  charging  times  of  the  two  Intermediate 
storage  capacitors.  A  compensating  inductor  must  be 
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Fig.  2.  Supers! ts,  PBFA  II  research  and  demonstration  module. 


1.512  5.8/4H 


Fig.  3.  PBFA  II  Marx  generator  equivalent  circuit. 


inaertad  In  the  upper  charge  feed  to  equalize  the 
charging  cl  mb.  Thla  overall  lncreaaed  charge  tine  due 
to  the  added  Inductance  and  lncreaaed  Marx  generator 
capacitance  ia  expected  to  reduce  Che  hold  off  atrength 
of  the  Interface  and  water  capacitor  to  93  percent  of 
the  PBFA  I  value. 

Circuit  Calculatlona 

Circuit  calculatlona  of  the  Marx  to  Intermediate 
atore  to  pulae  forming  llnaa  charging  circuit  were 
Bade  using  the  SCEPTRE-3  circuit  analysis  program.  The 
circuit  uaad  la  shown  in  Fig.  3.  A  1.3 /IB  Inductance 
was  uaad  for  the  Marx  generator  high  voltage  feed  and 
a  0.6  /IS  inductor  represented  the  inductance  of  the  gas 
trlgatron  and  feed  to  the  pulse  forming  lines.  The 
shunt  resistances  acrosa  the  water  capacitor  and  pulse 
forming  line  capacities  are  consistent  with  2  MO-cn 
water. 


SMI  KMUia 


lliaWHIMt 
■na«M  us 


mm  newias 


Fig.  3.  Circuit  used  In  SCEPTRE  simulation. 


Table  I  shows  the  results  of  the  circuit  calcula¬ 
tions  for  various  switching  tlMS  of  the  trlgatron 
twitch.  The  peak  voltages  and  energies  on  tho  pulae 
forming  lines  are  relatively  Insensitive  to  switching 
times  from  0.7  to  1.0  /is.  Early  switching  tlMS  would 
be  advantageous  to  reduce  the  time  Che  voltage  is 
across  the  lntarMdlate  storage  capacitor. 


Fig.  6.  Cross  section  of  PBFA  It  Marx  tank. 
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TABU  I 


Results  of  SCEPTRE  Circuit  Calculation! 
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Timm 

(it*) 

VbUbh  h 
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3.04 
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l.« 

2.H 
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333 

1.0 

Sett 

2.93 

2(4 

332 

4  MV  Pulse  Forming  Network 


To  provide  aa  auch  room  aa  poaalbla  In  tha  14  foot 
long  water  aactlon  to  achieve  tha  required  4  MV,  a 
modification  to  the  PBFA  I  lnteraediate  atorage  capaci¬ 
tor  waa  designed  and  fabricated.  Figure  be  ahowa  the 
original  (PBFA  I)  capacitor/ trlgatron/ Inductor  geometry 
and  Fig.  6b  ahowa  the  new  geometry.  The  Inductor 
which  provldea  the  trigger  pulae  to  tha  trlgatron 
awltch  waa  changed  from  a  helical  coll  to  a  flat  , 
spiral.  Equl potential  field  plota  froa  tha  Jason4 
coaputer  code  show  only  slight  differences  In  the 
voltage  grading  across  the  trlgatron  switch  for  the 
two  geoaetrles.  An  additional  2  feet  of  length  was 
gained  by  this  aodlflcatlon. 


Convoluted,  water  dielectric  transmission  lines 
have  reduced  prepulses,  provided  pulse-foralng-llne 
stacking  In  parallel,  and  reversed  the  output  polarity 
In  high  current  accelerators. 5  A  new  convolute  design 
stacks  lines  In  series  to  provide  tha  accelerator 
voltage  gain  required  for  PBFA  II.  Exparlaants  on  a 
scale  aodel  have  demonstrated  the  feasibility  of  the 
concept. 

Flat  plata  pulae  foralng  lines  provide  equal  and 
oppositely  directed  fields  when  switched  Into  two 
back-to-back  transmission  lines.  If  one  side  of  tha 
line  has  a  polarity  reversal  convolute,  as  shown  In 
Fig.  7,  the  electric  fields  of  the  two  waves  (top  and 
bottoa)  will  be  la  the  saaa  direction  and  a  traveling 
voltage  wave  of  twice  the  aaplltude  and  iapedance  will 
be  transmit tad  from  tha  convolute. 

An  experiment  waa  designed  for  Mite  to  check  the 
efficiency  of  wave  additions  with  trlplata,  water- 
dielectric  lines.  The  Initial  pulse  foralng  lines 
provide  a  two  sided,  1.3  MV,  0.8  TV,  40  ns  output  Into 
the  transmission  lines.  One  side  of  this  output  was 
'everted  end  both  sides  were  transformed  to  higher 
ltage  and  Impedance  and  then  added.  Tha  convolute, 
ig.  7,  was  one  meter  long.  Baelstlva  loads  were 
connected  directly  acroes  the  high  voltage  terminals 


Fig.  7.  Convolute  for  reversing  polarity  and  stacking 
tranaaisslon  lines. 


and  the  accelerator  load  line,  shown  In  Fig.  8,  was 
determined.  The  output  lnpadance  of  the  pulae  forming 
network  waa  1812. 
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Tn*  voltage  multiplication  from  1.5  MV  to  4  MV  uu 
accomplished  Kith  nearly  a  100  percent  peak  power 
efficiency.  This  concept  of  Inverting  and  (tacking 
and  Introducing  Impedance  alsnatchas  hat  been  Incor¬ 
porated  Into  an  experimental  pulae  conditioner.  Low 
voltage,  nodal  teata  of  a  alallar  pulae  conditioning 
network  for  application  to  PBFA  11  have  been  coapleted. 
Figure  9  ehowe  the  gaoaetry  of  the  network.  The  trans¬ 
mission  llnee  are  vertical  flat  parallel  platan  driven 
by  horizontal  trlplate  pulae  forming  llnee  at  the 
Input  end  with  the  output  ende  connected  in  aeriee. 

The  output  voltage  la  thua  the  aua  of  the  voltage  in 
each  of  the  traamlaslon  llnaa.  The  aerlea  llnee  ware 
terminated  In  a  2:1  lapedance  nlamatch  to  achieve  an 
additional  voltage  gain.  Teat  reaulta  have  ahown  an 
energy  tranafet  efficiency  of  61  percent,  which  la 
86  percent  of  the  efficiency  calculated  from  a  a lop la 
tranealaalon  line  model  that  lgnorea  paraeltlc,  back 
Impedance  effacta.  The  Impedance  aiematchea  In  a 
FBFA  II  deaign  are  leaa  than  thoee  In  the  low  voltage 
teeth  ao  chat  energy  efficiency  la  expected  to  be  71 
percent  In  the  FBFA  II  deaign. 


Caa  Switch  Froxram 

FBFA  II  placea  greater  deaanda  on  gaa  twitch  per¬ 
formance  than  doea  FBFA  I.  Incraaaed  current  and 
charge  cranafer  capabllltlee  with  low  jitter  and 
greater  reliability  are  required.  While  the  preeent 
trlgatron  twitch  performance  la  adequate  for  Initial 
FBFA  I  teata,  thia  twitch  la  not  aatlafactory  for  long 
term  FBFA  I  or  for  FBFA  II  uae.  Proto  II  twitching 
data  ahow  that  after  30  to  100  ahota,  FBFA  I  type 
trlgatrona  degrade  to  unacceptable  simultaneity.  A  gaa 
awltch  reaearch  program  haa  been  Initiated  to  develop 
a  reliable,  low  jitter,  long  lifetime  awltch  for  the 
FBFA  ecceleratora.  The  program  lncludae  material 
atudlea,  lnveatl gat lone  of  breakdown  proceeaea  In  SFg, 
email  and  full  acala  tenting  of  Improved  trlgatron 
avltchea  and  alternatlvna  to  trlgatron  ewltchaa.  Two 
alternative  ewltchaa  are  being  Invent lgated  at  Sandla. 
They  are  a  laser  triggered  awltch  and  an  x-ray  trig¬ 
gered  awltch.6  In  addition,  ewltchaa  under  development 
by  Indue try  are  being  eonaldered  aa  alternatlvna  to  the 
trlgatron. 

The  trlgatron  experlmenta  are  directed  towarda 
Improving  the  reliability  and  lifetime  of  the  trlga¬ 
trona  and,  hence  Improving  the  performance  of  Froto  II 
and  FBFA  I.  Towarda  thin  goal,  experlmenta  on  Hydra- 
mlta.  Supermite,  and  Froto  II  are  planned.  Iron loo  of 
electrodea  and  degradation  of  awltch  jitter  will  be 
Manured  ualng  aeveral  different  electrode  neterlala. 
The  trlgatron  gaoaetry  (e.g.  •  hole  and  trigger  pin 
alaea  and  ahapea)  will  be  varied  In  an  attempt  to 
reduce  the  lncreaae  la  awltch  jitter  cauaad  by  elec¬ 
trode  eroaion. 


A  1  MV,  tranaformar  driven  teat  ataad  will  provide 
voltage  to  atudy  the  breakdown  phyalea  In  SFj  iaaulatad 
trlgatrona.  A  baalc  underatandlng  of  the  breakdown 
proceeaea  ehould  lead  to  Improved  trlgatron  deaign. 

Succeeaful  experimental  by  LLL  on  laaer  triggered 
twitching  of  a  SF*  lnaulaced  gap  ualng  a  few  mJ  KrF 
laaer  haa  prompted  an  lnvnatigatlon  by  Sandla  Into 
laaer  triggered  twitching  for  the  FBFA  Program. 

Studlea  of  U.V.  absorption,  laaer  Induced  excitation. 
Ionization,  and  their  effecta  on  the  dielectric  proper- 
tie*  of  pure  SFg,  commercial  grade  SFg,  and  SFj  with 
aelected  trace  addltlvee  era  underway.  In  addition 
large  acala  tenting  on  Supermite  of  a  KrF  triggered 
awltch  la  alao  scheduled. 

Vacuum  Inaulator  and  Power  Flow  Llnee 

The  4  MV ,  10  ft  power  pulea  require*  a  new  vacuum 
Inaulator  section  and  modified  power  flow  llnee.  A 
conceptual  deaign  for  the  vacuum  Inaulator  la  complete 
and  detailed  field  plot*  for  determining  the  final 
design  are  underway.  Magnetic  Insulation  at  the  higher 
voltage  should  be  more  efficient  than  It  was  at  2  MV 
because  the  vacuum  gap  between  the  electron  flow  and 
the  poeltlva  conductor  In  a  self-magnatlcally  Insulated 
transmission  line  lncreaaee  with  Increasing  voltage.9 

Jitter  Effect  on  Output  Power 

A  statistical  analysis  of  FBFA  module  simultaneity 
was  performed  and  measured  values  of  gaa  and  water 
switch  jitter  ware  used  to  predict  the  output  power 
from  a  72  nodule  system.  Data  from  Mite10  showed  chat 
the  raw  standard  deviation  In  breakdown  time  of  a 
single  water  dielectric  switch  was  6  ns.  Each  FBFA  II 
module  will  have  16  of  these  water  switches  In 
parallel.  The  mean  time  to  closure  of  the  16  switches 
was  selected  as  the  random  variable  to  be  used  as  the 
water  awltch  closure  time.  The  rationale  for  this 
selection  we*  that  significant  power  would  not  begin 
to  flow  from  ch»c  nodule  until  half  of  the  switches  had 
dosed.  Each  of  the  16  switches  were  assumed  to  be 
Independent  and  normally  distributed.  This  assumption, 
while  not  entirely  correct,  la  probably  acceptable 
since  the  ewltchaa  are  transient  tine  isolated  from  one 
another.  The  standard  deviation  of  the  naan  tine  la 
then 


ffona  switch 


The  Module  output  time  la  equal  to  the  sum  of  the  times 
to  closure  of  the  gaa  end  water  ewltchaa  plus  a  fixed 
delay. 


Tout  “  egaa  awltch  *  Smter  switch  +  'delay 


Measurement*  of  the  trlgatron  switch  timing  on  Sydra- 
nlte  yielded  *1  u  standard  deviation  for  the  gas 
switch  time.  The  standard  deviation  of  Ts||t  la  than 


ffout 


2.3  n* 


The  expected  value  of  the  range  of  firing  time 
<*  *  Tla*t  "  Tfirst>  f#r  FBFA  II  models*  1* 

*1*1  *  *.F«  <Tmt  -  12  na 
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The  affect  of  tha  nodule  jitter  was  estimated  using 
order  aatiatlca  for  72  no nelly  distributed  random 
varlablaa.  A  sin*  9  polaa  with  40  na  FUHM  waa  aaeuaed 
for  the  output  pulae  from  each  module •  Figure  10 
/shows  the  normalicad  output  pulae*  The  amplitude  waa 
reduced  by  1  percent  and  the  pulae  width  lncreaaad  by 
leaa  than  1  na. 


turn  tuat 
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Fig.  10.  Output  of  FIFA  It  with  module  jlttar. 


Sammrr 

The  conceptual  deelgn  for  the  4  MV,  100  TV  FIFA  II 
accelerator  haa  been  completed.  Tha  critical  laeuea 
In  the  deelgn  have  been  Identified  and  reaearch  pro¬ 
grams  are  underway  to  addreaa  these  issues.  The 
reeulta  of  these  programs  Indicate  that  the  conceptual 
design  la  a  Bound  one  and  the  project  la  currently  on 
schedule. 
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COMPUTER  MODELS  IN  THE  DESIGN  OF  FXR* 
fi.  E.  Vogt lin  &  R.  W.  Kuenning 
Lawrence  Livermore  National  Laboratory 
Livermore,  California  94550 


Summary 

Lawrence' Livermore  National  Laboratory  Is 
developing  the  FXR  (Flash  X-Ray  Facility)  15-20  MEV 
electron  accelerator  with  a  beam  current  goal  of 
4  kA.  This  accelerator  will  be  used  for  flash 
radiography  and  has  a  requirement  of  high  relia¬ 
bility.  Components  being  developed  Include  spark 
gaps,  Marx  generators,  water  Blumlelns  and  oil 
insulation  systems. 

A  SCEPTRE  model  was  developed  that  takes  Into 
consideration  the  non-linearity  of  the  ferrite  and 
the  time  dependency  of  the  emission  from  a  field 
emitter  cathode.  This  model  was  used  to  predict  an 
optimum  charge  time  to  obtain  maximum  magnetic  flux 
change  from  the  ferrite.  This  model  and  Its  appli¬ 
cation  will  be  discussed. 

JASON  wes  used  extensively  to  determine  optimum 
locations  and  shapes  of  supports  and  Insulators. 

It  was  also  used  to  determine  stresses  within 
bubbles  adjacent  to  walls  in  oil.  Computer  results 
will  be  shown  and  bubble  breakdown  will  be  related 
to  bubble  size. 

•  *  * 

The  FXR  linear  induction  accelerator  Is  being 
designed  and  constructed  at  Lawrence  Livermore 
National  Laboratory.  This  accelerator  has  a  goal 
of  500  R  at  one  meter  and  will  be  used  for  flash 
radiography.  Each  acceleration  stage  will  increase 
the  electron  beam  energy  by  400  kV.  Effectively, 
the  beam  is  accelerated  by  a  transformer,  the 
primary  being  fed  by  a  Blumleln  pulse  generator  and 
the  secondary  being  the  beam  itself.  The  trans¬ 
former  core  is  ferrite  with  volt-seconds  being 
limited  by  the  B-H  curve  of  the  core  material.  A 
section  of  the  accelerating  cavity  is  shown  In 
Figure  1. 

High  voltage  breakdown  is  of  concern  due  to  the 
high  electrical  stresses  and  the  possibility  of 
trapped  bubbles  In  the  liquid  dielectric  throughout 
the  high  voltage  system.  The  oil  and  water  systems 
are  degassed  and  filtered. 

Large  bubbles  In  the  oil  and  water  system  will 
slowly  be  absorbed.  A  concern  In  the  design  of  FXR 
Is  that  a  small  bubble  might  Ionize  and  grow  until 
It  causes  a  breakdown.  FXR  Is  to  be  fired  once 
every  three  seconds.  Bubbles  In  the  water  system 
wIVl  exit  through  circulation  passages  at  the  top 
of  all  cavities.  The  accelerator  cavity  oil  system 
(Figure  1)  could  not  be  designed  to  totally  elim¬ 
inate  trapped  bubbles. 

Oil  that  has  been  degassed  can  absorb  bubbles. 
The  absorption  rate  Is  a  function  of  oil  circu¬ 
lation,  gas  saturation  and  time.  The  rate  of 
bubble  absorption  Is  proportional  to  the  surface 
area.  If  other  variables  are  constant,  then  the 
decrease  in  diameter  versus  time  should  be  con¬ 
stant.  Measurements  with  degassed  mineral  oil  have 
shown  absorption  rates  of  from  2  to  6  microns  per 
ml nute. 

Bubbles  can  break  down  and  increase  their 
dimensions  by  cracking  the  surrounding  oil.  Figure 
2  is  a  plot  of  Paschen  breakdown  distance  versus 
voltage  stress  at  atmospheric  pressure.  The  Impli¬ 
cation  of  this  curve  Is  the  smaller  the  bubble  the 
greater  the  voltage  stress  before  breakdown. 

The  breakdown  phenomenon  has  been  modeled  with 
JASON  in  Figures  3  through  8.  Figure  3  shows  a 


muwxjVoi  vt  amt  sis 


FIGURE  2  -  Paschen1 s  Curve 


spherical  bubble  with  a  dielectric  constant  of  1  in 
oil  of  dielectric  constant  ■  2.2.  The  right  side 
of  the  figure  Is  charged  to  100,  with  the  left  a 
conductor  at  zero  potential.  The  stress  enhance¬ 
ment  in  the  bubble  Is  about  1.2  times  the  oil 


•Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the  Lawrence  Livermore  National  Laboratory 
under  contract  No.  W-7405-Eng-*8. 
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FIGURE  3  -  Air  Bubble  in  Oil 


stress.  Figure  4  is  identical  to  Figure  3  except  a 
dielectric  constant  of  200  is  chosen  for  the 
bubble.  This  is  equivalent  to  treating  it  as  a 
floating  conductor,  or  as  if  the  air  had  ionized. 
The  stress  in  the  oil  is  Increased  to  a  factor  of 
3:1.  Figure  5  assumes  the  ionized  bubble  is 
connected  to  the  wall.  The  enhancement  appears  to 
be  approximately  4:1. 

Another  possible  situation  in  FXR  is  bubble 
growth  in  oil  between  a  conducting  wall  and 
ferrite.  Figures  6  through  8  includes  ferrite  in 
the  model.  This  would  only  be  the  case  when  the 
bubble  had  grown  to  be  the  dimensions  of  the  oil 
space.  The  stress  in  the  bubble  is  1.12  times  the 
oil  stress  with  ferrite  occupying  the  space  from 
1.00  to  3.00  along  the  Z  axis  In  Figure  6. 

Figure  7  Is  the  case  where  the  bubble  becomes  a 
conductor,  or  becomes  ionized.  The  oil  stress 
enhancement  is  close  to  a  factor  of  4:1,  Figure  8 
is  the  case  where  the  bubble  is  electrically 
connected  to  the  wall  and  ionized.  The  stress 
enhancement  in  the  oil  in  this  case  is  5.5. 
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FIGURE  4  -  Ionized  Air  Bubble  In  Oil 
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FIGURE  5  •  Ionized  Bubble  Connected  to  Wall 


FIGURE  6  -  Air  Bubble  Between  Wall  &  Ferrite 
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FIGURE  7  -  Ionized  Bubble  Between  Wall  &  Ferrite 
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FIGURE  6  -  Ionized  Bubble  Connected  to  Wall 

Linear  induction  accelerators  constructed  at 
Lawrence  Livermore  National  Laboratory  have  used 
magnetic  materials  as  transformer  cores  in  accel¬ 
erating  electron  beams.  These  cores  are  excited  by 
«  pulse  generator  and  act  as  a  1:1  turns  ratio 
transformer  to  the  beam.  The  pulse  Is  generated  in 
the  FXR  machine  by  the  discharge  of  a  spark  gap 
fired  water  Blumleln.  An  Illustration  Is  shown  In 
Figure  9.  The  water  Blumleln  Is  charged  from  a 
Marx  generator. 

This  system  has  been  modeled  using  the  Sceptre 
Circuit  Analysis  Code.  This  circuit  Is  shown  In 
Figures  10  l  11.  The  ferrite  Is  represented  by  e 
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FIGURE  9  -  FXR  Accelerator  Module 


FIGURE  11  -  Feedllne  t  Cavity  Model 
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FIGURE  IZ  *  8-H  Curve  of  Ferrite 


FIGURE  10  -  Marx  i  GluMleln  Model 


table  that  asstsaes  an  Initial  state  and  varies  a 
current  source  according  to  the  volt-second  product. 

A  typical  cavity  8-H  curve  is  shown  in 
Figure  12.  The  initial  charge  time  for  the  systew 


was  chosen  to  be  1.2  Microseconds.  This  resulted 
in  the  ferrite  going  into  saturation  before  the 
peak  charge  is  reached  on  the  Blualein.  A  conse* 
quence  was  that  the  ferrite  did  not  utilize  all  of 
the  Magnetic  flux  change  available.  The  desire  is 
to  have  the  ferrite  initially  saturatad  in  one 
direction  and  then  have  the  pulse  saturate  the 
ferrite  at  the  other  end  of  the  B-H  curve. 
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Figure  13  is  an  example  of  the  ferrite  saturation 
from  the  Sceptre  model  with  a  1.2  microseconds 
charge  time.  At  1.2  microseconds,  the  available 
flux  change  is  reduced  about  35*. 

Figure  14  is  the  Slumlein  charge  voltage.  The 
Slumlein  reaches  full  charge  at  1200  nanoseconds 
while  the  ferrite  goes  out  of  saturation  at  850 
nanoseconds . 


FIGURE  13  -  Ferrite  Saturation  Curve  (1.2  us) 


Figure  15  shows  a  longer  charge  time  with  a 
second  saturation  peak  that  coincides  with  the 
Blumlein  charge  shown  in  Figure  16.  The  location 
of  the  notch  in  the  charge  waveform  gives  an 
indication  of  the  state  of  the  ferrite.  All 
testing  to  date  has  shown  a  consistent  state  for  a 
given  voltage  level  and  charge  time. 
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FIGURE  15  -  Ferrite  Saturation  Curve  0-8  us) 


FIGURE  14  -  Slumlein  Charge  Curve  (1.2  us) 
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The  result  of  the  modeling  has  Increased  the 
available  volt-seconds  of  ferrite  by  at  least  30*. 
This  technique  is  dependent  on  the  charge  current 
level,  the  amount  of  ferrite  and  the  charge  time. 


Reference  to  •  company  or  product 
name  does  not  imply  approval  or 
recommendation  of  the  product  by 
the  University  of  California  or  the 
U.S.  Department  of  Energy  to  the 
exclusion  of  others  that  may  be 
suitable. 
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A  VERSATILE  0.5  TV  ELECTRON  BEAM  FACILITY  FOR  FOHBR  CONDITIONING  STUDIES  OF  LARGE  RaRE-GAS/HALIDE  LASERS* 

J.  J.  Ramlrex 

Sandle  National  Laboratorlas,  Albuquerque,  Naw  Mexico  87183 


Abatract 

Rare-gas/ halide  laaars  which  ara  bains  developed 
lot  Inertial  Confinement  Fusion  will  require  large 
area,  low  lwpadance  electron  baaa  driven.  A  wide 
range  of  electron  baaa  parameter*  ate  balng  considered 
for  future  ayatana  in  an  effort  to  optlnisa  the  overall 
ayatae  design.  A  number  of  power  conditioning  Issues 
auat  be  Investigated  In  order  to  obtain  a  better  under¬ 
standing  of  the  various  trade-offs  Involved  in  asking 
such  optlalxatlons.  The  RAYITO  electron  beam  accelera¬ 
tor  Is  being  designed  and  built  at  Sandla  National 
Laboratories  and  will  be  used  for  such  Investigations. 
It  will  be  capable  of  operating  in  either  a  2  or  4  oha 
configuration  at  1  MV,  SO  ns  or  0.8  MV,  200  ns. 

Design  details  fer  RAYITO  are  presented  in  this  paper. 
Experlaanta  planned  for  this  facility  ara  also  dis¬ 
cussed. 

Introduction 

Investlgatlone  of  electron  baaa  generation  and 
control  using  low  laps  dance ,  large  area  diodes  are  of 
critical  iaportanre  to  tha  advanced  laser  program  for 
Inertial  confinement  fusion.  Diodes  which  operate 
above  the  critical  current  for  pinching  require  the  use 
of  an  extt.uei.ly  applied  guide  aagnatlc  field.  Tha 
aagnltude  of  the  aagnatlc  field  which  Is  required  is 
uncertain  but  could  be  several  tlaea  the  bean  salf- 
aagnetlc  field,  thus  tit  energy  required  for  the 
aegnatlc  field  colls  could  be  auch  greeter  than  the 
energy  In  tha  electron  baaa  Itself.  It  la  also  diffi¬ 
cult  to  calculate  the  effect  of  tha  applied  aagnatlc 
field  on  the  efficiency,  unlforalty  and  profile  of 
tha  electron  bean  energy  deposition  In  tha  gas.  RAYITO 
will  provide  a  testbed  to  iuveatlgate  various  aspects 
of  power  conditioning  Including  tha  trade-offs  which 
result  from  various  operating  conditions.  Since  a  wide 
range  of  electron  bean  paraastem  are  still  being 
considered  for  these  high  energy  lasers,  the  RAYITO 
design  l.Korporatee  substantial  flexibility  In  the 
outs-uc  bona  paraaetars. 

System  Overview 

RAYITO  Is  to  be  a  single  sided  diode,  0.8-1.0  MV, 
SO  and  200  ns,  2  and  A  oha  alectron  bean  accslerator 
capable  of  generating  a  0.3  a  x  1.0  ■  baaa.  A  block 
diegrba  of  tha  facility  is  shown  In  Fig.  1.  A  Marx 
generator,  Intermediate  energy  store  and  trlggsred  gas 
switch  are  contained  within  a  3.6  n  x  2.4  a  x  2.7  a 
oil  tuna.  The  pulse  foralng  and  tranaslsslon  line 
asseably  Is  placed  Inside  of  a  6,1  a  x  1.3  a  x  1.2  a 
water  tank,  the  two  tanks  are  connected  by  a  short 
coaxial  section  with  an  oll/watar  Insulating  diaphragm. 
An  artists 's  concept  la  shown  In  Fig.  2. 

Tha  3.2  MV,  32  nF  Marx  gaaerator  Is  ldaatlcal  to 
those  used  la  FIFA  nodules.1  It  pulse  charges  a  13  nF 
lateraedlate  energy  store,  which  consists  of  two 
Froto  11  mater  capacitors,2  In  ~ 800  ns.  These 
capacitors  are  discharged  by  a  triggered  gas  switch 
Into  the  130  ns  water  line.  The  mater  pulse  foralng 
sad  transmission  lines  are  of  the  triplets  gaoaetry 
used  in  Froto  It,  Mite,  and  FIFA1  and  are  equipped 
with  self-breaking  mater  twitches.  For  this  geometry 
the  lnpedsaee  of  tha  Hast  Is  given  by 


*fhis  work  supported  by  the  Q.S.  Dept,  of  Energy,  under 
Contract  0E-ACO4-76-OFOO789. 


where  er  Is  the  relative  dielectric  constant  of  water, 
V  is  the  width  of  the  lines  and  d  Is  the  spacing 
between  the  high  voltage  and  ground  electrodes.  In 
our  design  V  -  1.07  n  so  that  d  *  0.1  m  and  0.2  a  for 
tha  2  and  4  ohm  configurations  respectively.  The  lines 
are  held  together  by  nylon  support  rods  which  makes  it 
easy  to  change  the  line  Impedance.  The  convolute  to 
the  diode  requires  two  sets  of  ground  electrodes  for 
tha  two  impedance  configurations. 

Tha  low  inductance  diode  was  designed  with  tha 
capability  of  generating  a  0.3  m  x  1.0  n  electron 
beam.  Calculations  show  that  the  diode  Insulator  will 
hold  off  1.3  MV  and  1.0  MV  for  the  30  ns  and  200  ns 
output  pulse  widths  respectively.  No  significant  volt¬ 
age  overshoot  will  be  seen  In  the  200  na  node  and  a 
maximum  of  12  percent  will  be  experienced  In  tha  30  ns, 
2  ohm  mode.  The  design  provides  an  18-20  percent 
safety  factor  In  the  Insulator  breakdown  strength  at 
tha  1.0  MV,  30  ns  and  0.8  MV,  200  ns  output  levels 
desired. 

The  50  ns  Configuration 

In  this  mode  tha  130  na  line  (Line  1)  la  charged 
by  tha  water  capacitors  via  a  triggered  gas  twitch  In 
3SG  ns.  It  then  acts  as  a  second  Intermediate  energy 
store  for  fast  charging  of  the  30  ns  pulse  foralng 
line  (PFL).  Line  1  will  be  configured  with  the  0.2  a 
spacing  in  order  to  obtain  a  better  capacitive  match 
with  the  water  capacitors.  It  la  equipped  with  one, 
two  or  three  self  breaking  water  awltches  sat  to  close 
at  ~  85  percent  of  tha  peak  voltage.  Tha  nuaber  of 
switches  employed  will  be  chosen  to  obtain  a  charge 
time  of  —  ISO  ns  on  the  PFL. 

Tha  50  na  PFL  Is  equipped  with  seven  self  breaking 
water  switches  set  to  dose  at  ~  83  percent  of  the  peak 
voltage.  Tha  behavior  of  high  power,  mater  dielectric 
switching  has  been  described  by  Johnson,  at  al.  Tha 
10  to  40  percent  rlsetlaa  of  the  output  pulse  for  an 
exponentially  rising  waveform  Is  given  by  2.2  T  where 
T(  is  the  e-folding  rlsetlaa  of  the  switch.  This 
consists  of  an  Inductive  and  a  resistive  term  which  are 
added  In  quadrature,  thus 

r„2  -  rt2  +  rR2  (2) 

In  multichannel  switching  of  a  PFL,  Ta  la  given.  In 
MRS  units,  by 

T,2  •  (L/NZ)2  *  (232/(NZE*)l/3)2  (3) 

where  L  Is  the  Inductance  per  switch  channel,  Z  Is  the 
sum  of  tha  PFL  and  load  Impedance,  E  Is  the  mean  elec¬ 
tric  field  In  the  switch  and  N  la  the  nuaber  of  chan¬ 
nels.  Tha  Inductance  Is  given  by 

L  -  1.4  x  10"*  E  (4) 

where  X  is  the  length  of  tha  channel  in  meters.  For  an 
effective  charge  time  t  (the  tins  when  the  veltage  la 
greater  than  63  percent  of  the  breakdown  value)  X  is 
given  by 

(5) 


X  -  4  x  10“*  V1*1  t0,67 
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ohara  V  la  tha  breakdown  voltaga*  The  above  aquations 
can  be  used  to  calculate  tha  output  pulaa  rlsetlma  of 
the  SO  ns  PPL.  Given  tha  fast  charging  else,  It  can 
be  expected  that  all  seven  switch  points  will  elosa 
(see  kef.  4).  Table  1  gives  a  summary  of  these  calcu- 
r  latlons. 


TABU  1 

Calculated  Output  kiss cine 
for  a  1  MV,  SO  ns  Output  Pulse 


X(n) 

L(nH) 

T,  (ns) 

T«(ns) 

T,(ns) 

r?10/90)(n a) 


2  ohms 

4  ohms 

0.042 

0.042 

38.0 

58.0 

2.1 

1.1 

4.4 

3.5 

4.9 

3.7 

10.8 

8.2 

The  output  of  the  PPL  Is  fed  to  the  diode  via  a 
transmission  line/ convolute  assembly.  A  third  tat  of 
water  switches  la  used  to  .reduce  the  amplitude  of  tha 
p re pulse  volaga  applied  to  the  diode#  The  Jitter  of 
tha  system  is  determined  by  tha  combined  Jitter  of  the 
gas  switch  and  watar  switches.  It  has  been  found 
experimentally  that  tha  Jitter  of  the  watar  switches 
Increases  linearly  with  X  and  the  charge  time  of  the 
line.'  Thus 


output  rlsetlma  Is  marginal.  This  table  also  shows 
that  the  resistive  term  dominates  for  2  or  more 
channels  and  that  slow  Improvement  in  tha  rlsetlma  is 
made  after  8  ■  3.  One  possibility  for  ameliorating 
this  problem  is  the  use  of  s  peaking  capacitor  (the 
watar  capacitors)  to  charge  the  line  faster.  Another 
possibility,  one  which  has  s  greater  Impact  on  the 
long  term  goals  of  tha  advanced  laaer  program,  la  to 
develop  multichannel  gas  switches  for  the  strip  trans¬ 
mission  lines.  Our  first  step  in  this  direction  is 
the  development  of  a  gas  switch  with  an  inductance  of 
100  nH.  In  as  much  as  tha  reslatlve  phase  of  a  gas 
switch  Is  minimal,  the  output  rlsetlma  Is  entirely 
dominated  by  the  switch  Inductance.  Tha  e-foldlng 
rlsetlma  of  a  100  nH  Inductance  switch  would  be  25  ns 
snd  12. 5  ns  for  the  2  ohm  and  4  ohm  configuration 
respectively.  The  first  experiments  on  RATITO  will 
be  directed  at  the  development  of  this  switch. 

The  Plods 


The  diode  has  a  calculated  Inductance  of  ~  14  nH. 
It  Is  made  of  thin  walled  stainless  steel  to  allow  for 
the  penetration  of  an  externally  applied  magnetic 
field.  The  design  allows  for  cathodes  up  to  0.3  m  x 
1.0  a.  Under  matched  conditions  at  1  Iff  this  area 
yields  current  densities  of  167  A/cm2  and  03  A/ cm2 
for  the  2  ohm  and  4  ohm  configurations  which  correspond 
to  anode-cathode  speclnge  of  3.74  cm  and  5.31  cm 
respectively.  The  critical  current  for  pinching  of  a 
uniform  rectangular  beam  of  length  L  and  width  W 
(with  L  »  W)  Is  approximately  given  by 


V  -  3.3  x  10~*  V1-1  t1*67  (6> 

This  expression  yields  a  tj  of  6.8  ns  and  1.6  ns  for  the 
switches  of  Lina  1  and  tha  PPL  respectively.  Asaumlng 
a  a  of  3  ns  for  the  triggered  gaa  switch,  tha  overall 
rma  system  Jitter  la  estimated  at  —  8  ns. 

The  200  ns  Configuration 

In  order  to  obtain  a  200  na  output,  tha  two  water 
capacitors  are  removed  from  the  system,  the  130  and  . 

30  na  lines  are  tied  together  and  are  charged  directly 
by  tha  Marx  generator  In  ~  1  flu.  At  these  long  charge 
times ,  multichannel  water  switching  becomes  very  diffi¬ 
cult  because  tha  Jitter  of  the  self  closing  switches 
approaches  30  ns.  The  switch  performance  which  might 
be  obtained  with  tha  200  ns,  4  ohm  line  can  be  calcu¬ 
lated  using  tha  above  formulas  and  Is  shown  In 
Table  II.  Tha  last  column  In  this  table  Is  an  approxi¬ 
mate  value  of  the  energy  dissipated  In  the  switch. 


TABLE  II 


Calculated  Output  Elsetlnss  for  a 
200  ns,  4  ohm  Lina  Charged  to  1.6  MV 


8 

T* 

T( 10/90) 

v2/ 42 

— 

(ns) 

(ns) 

is si 

(ns) 

Vo 

1 

20.5 

35.4 

40.8 

90 

2.8 

2 

10.3 

28.1 

30.0 

66 

2.3 

3 

6.8 

24.3 

25.5 

56 

2.0 

4 

3.1 

22.3 

22.9 

50 

1.8 

5 

4.1 

20.7 

21.1 

46 

1.7 

It  Is 

calculated 

that  only  one  channel 

will  close 

using  the  criteria  given  In  Baf.  4.  Tha  number  of 
4 channels  night  be  Increased  by  slitting  the  ground 
electrodes  in  order  to  further  Isolate  the  switch 
points  from  each  other;  however  it  can  be  teen  from 
Table  II  that  even  with  four  channels  the  expected 


where  s  Is  the  anode-cathode  spacing  and  ffy  Is  tha 
usual  relativistic  factor.5  At  300  kA  tha  diode 
will  be  operating  at  2.3  times  the  calculated  critical 
current.  It  will  thus  be  poeslble  to  study  various 
methods  for  controlling  the  beam  self -pinch;  e.g., 
using  externally  applied  magnetic  fields  or  magneti¬ 
cally  Isolated  segmented  cathodes. 

The  Magnetic  Held  Colls 

The  externally  applied  magnetic  field  Is  supplied 
by  two  rectangular  colls  arraeged  In  a  Helnholts  pair 
configuration.  The  colls  are  0.8  n  x  1.5  m  and  are 
separated  by  0.43  a.  Each  coll  will  be  made  of  30  turns 
of  0.4  cm  diameter  copper  wire  wound  around  a  fiber¬ 
glass  teams,  when  driven  by  a  153  kJ  capacitor  bank, 
these  colls  will  produce  a  "f rea-epaca"  field  of 
0.47  Tesla  at  tha  edge  of  the  cathode.  Although  It 
Is  difficult  to  calculate  the  exact  diffusion  of  the 
magnetic  field  through  the  complex  metal  structure  of 
the  diode.  It  Is  astlmated  that  the  B-fleld  will  be 
reduced  to  about  0.3  Tesla  after  penetrating  the  metal 
structure  when  the  capacitor  bank  Is  crowbarred  at  peak 
current.  This  value  Is  slightly  higher  than  the  0.25 
Tesla  self-field  produced  by  the  500  kA  electron  beam 
at  the  same  point  on  the  cathode. 


A  versatile  0.3  terawstt  electron  beam  accelerator 
(EATIT0)  Is  being  constructed  st  Sand la  National 
Laboratories.  The  design  utilises  Sandla’s  modular 
pulse  power  concepts  developed  for  the  Particle  Beam 
Fusion  program.  The  accelerator  can  be  configured  for 
either  a  2  ohm  or  4  ohm  output  Impedance  at  1  MV,  30  ns 
or  0.8  MV,  200  ns.  Tha  experimental  program  planned 
for  this  facility  is  slned  st  power  conditioning 
studiae  for  large  rare-gas/halide  lasers.  Various 
schemas  for  controlling  the  beam  self-pinch  in  the 
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diode  and  eha  III  region  will  b»  Investigated.  Special 
sttantlon  will  b«  (Ivan  to  reducing  eha  magnitude  of 
Che  epplle d  magnetic  /laid  whlla  maintaining  ayatan 
afflclancy  and  uniformity  of  tha  baam  soergy  dapoalelon 
profllea. 

Tha  aaaaably  of  IATITO  la  praaantly  underway.  Tha 
completion  of  thla  procaaa  and  tha  beginning  of  pulaa 
power  taata  ara  achadulad  for  August  of  thla  yaar. 
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Pig.  1.  Block  diagram  of  BATITO  accelerator. 
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WATER  TANK  1  »  Oil  TANK 


1*.  2.  Art la t  concapt  of  RATITO  accalaracor. 
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It  has  been  established  that  centimeter  sized  projectiles  weighing  several  grams  can 
be  accelerated  by  electrical  forces  to  velocities  in  excess  of  five  kilometers  per  second 
In  a  classical  rallgun.  The  technologies  required  to  do  this  are  adequately  understood, 
at  least  in  the  case  where  a  single  energy  store  is  connected  to  the  breech  end  of  the  gun. 

There  are  two  disadvantages  to  using  a  single  energy  store.  It  Is  generally  desirable 
to  keep  gun  current  as  nearly  constant  as  possible  and  this  is  difficult  to  achieve  with  a 
single  store  without  making  the  store  excessively  large.  Rail  resistance  also  becomes  a 
dominating  factor  as  higher  velocities  are  reached  because  higher  velocities  require  greater 
gun  lengths  and  correspondingly  larger  gun  resistances. 

One  way  to  by-pass  these  limitations  Is  to  distribute  energy  stores  along  the  length 
of  the  gun.  Not  only  does  this  reduce  the  average  rail  resistance  by  reducing  the  length 
of  rail  that  carries  current  at  anytime,  but  It  permits  Inductive  energy  to  be  usefully 
transferred  down  the  gun  rather  than  allowing  it  to  dissipate  reslstlvely  In  the  rails. 

This  paper  shows  how  the  performance  of  such  a  gun  may  be  simulated,  by  computing  the 
Instantaneous  rate  of  change  of  current  In  each  energy  store  and  by  using  these  values  to 
obtain  projectile  acceleration.  Two  specific  rail  gun  systems  are  examined,  the  first 
being  a  "scientific  rallgun"  designed  to  propel  a  three  gram  projectile  to  a  speed  of  20 
kilometers  per  second,  and  the  second  being  a  "space-launch  rallgun"  to  accelerate  one 
metric  ton  to  7.5  kilometers  per  second. 


Introduction 

The  basic  concept  of  the  parallel-rail  rallgun 
accelerator  has  been  known  for  a  long  time.  The  ac¬ 
celerating  force  Is  obtained  by  the  Interaction  of 
the  current  In  the  driven  armature  with  the  magnetic 
field  produced  by  the  current  In  the  rails,  the 
armature  and  rails  being  connected  In  series.  The 
recent  work  done  In  Canberra  has  shown  that  an  elec¬ 
tric  arc  can  successfully  be  used  as  a  rallgun  arma¬ 
ture.1  The  other  Important  contribution  made  was  the 
realization  that  current  control  was  essential  to 
success,  and  that  the  use  of  an  inductor  was  one  way 
to  achieve  such  control.2  Projectiles  with  a  mass 
of  three  grams  were  accelerated  to  velocities  of  up 
to  5.9  km/s  In  the  Canberra  rallgun. 

There  are  other  ways  of  achieving  current  control 
in  rallguns.  A  program  at  present  being  conducted  by 
a  LLL-LASL  group  Involves  the  use  of  explosive  flux 
compression  generators. 3  This  very  flexible  genera¬ 
tion  scheme  makes  It  possible  to  generate  currents 
which  vary  In  time  In  a  wide  variety  of  ways. 

The  use  of  a  single  current  generator  connected 
to  the  breech  of  a  rallgun  has  two  disadvantages. 

As  gun  rails  become  longer  to  obtain  higher  perfor¬ 
mance,  then  a  larger  proportion  of  the  Input  energy 
is  lost  reslstlvely  in  the  rails.  The  other  Is  that 
the  inductive  energy  remaining  In  the  gun  at  projec¬ 
tile  exit  represents  a  considerable  Inefficiency.  A 
way  of  circumventing  both  of  these  problem  Is  to 
distribute  energy  stores  along  the  length  of  the  gun. 
5,6, 7,8 it  should  be  noted  that  the  use  of  many  power 
supplies  along  an  accelerator  Is  not  new.  It  Is 
comnonly  employed  In  atomic  particle  accelerators, 
and  has  been  proposed  for  use  In  travelling  magnetic 
wave  macropartlclc  accelerators.9  It  has  also  been 
used  In  the  MIT  Messdrlver.'Q  The  aim  In  all  these 
cases  is  to  deliver  energy  to  a  projectile  In  small 
Increments  many  times. 


In  this  paper  we  present  a  method  by  which  the 
distributed  inductive  energy  store  rallgun  can  be 
analysed,  and  apply  this  analysis  to  two  rallgun 
systems. 

Analysis 

The  schematic  representation  of  a  rallgun  with 
Inductive  energy  stores  distributed  along  its  length 
Is  shown  In  Fig.  1.  Stores  have  Inductance  L  and 
resistance  R  and  are  spaced  at  Intervals  l  along 
the  rails.  Each  is  delivering  current  I-  into  the 
rallgun  at  a  voltage  of  En-  The  projectile  has 
moved  a  distance  x  Into  gun  section  number  1.  It  has 
a  mass  of  m  and  a  velocity  of  x.  The  rallgun  has  an 
Inductance  and  resistance  of  L’  and  R'  per  unit  length. 

The  current  flowing  In  each  gun  section  Is  the 
sum  of  the  currents  being  delivered  by  each  energy 
store  up  to  and  Including  the  one  In  that  gun  section. 
Current  Is  prevented  from  flowing  backwards  In  the 
Inductors.  The  arc  armature  driving  the  projectile 
Is  assumed  to  have  a  volt  drop  MV  (so  called  because 
this  is  the  voltage  that  Is  measured  from  rail  to  rail 
at  the  gun's  muzzle.) 

In  order  to  compute  the  performance  of  the  rail 
gun.  It  Is  first  necessary  to  find  the  rates  of 
change  of  the  Inductor  -  .rents,  In*  The  first  step 
in  doing  this  Is  to  write  the  equations  for  the  power 
supply  circuits  (LH  side  below  Fig.  1)  and  for  the 
rallgun  sections. (RH  side  below  Fig.  1).  These  are 
then  solved  for  In  which  are  obtained  from  the  matrix 
equation  (1).H 

The  simulation  Is  now  performed  In  the  following 
manner.  At  any  Instant,  x  and  x  are  known  as  are  all 
ID.  When  an  appropriate  value  for  MV  Is  chosen  then 
ail  the  terms  In  [A]  and  [C]  are  known.  Thus  [B]  Is 
found,  enabling  new  values  of  current  to  be  calculated 
for  the  next  step  of  the  simulation.  New  values  of., 
x  and  x  are  also  found  from  the  calculated  value  of  x 


CHI57J-5/M/0000-OJ18S00.75  •  1980  IEEE 


Fig.  1.  Circuit  diagram  showing  parameters  and  variables  used  In  the  analysis. 
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Defining  the  matrix  equation  as 
[A][B]  -  [C] 

then  values  of  the  rates  of  change  of  the  currents,  in,  are  obtained  from 
the  equation  [B]  ■  [A"l][C]  . 

which  is  given  by  *x  •  L'( t  l.)2/(2m).  creased  by  one  because  there  Is  now  one  more  power 

At  each  step  the  value  or  x  is  tested  and  when  circuit  In  use. 

It  gets  greater  then  t.  It  Is  replaced  by  (x-t)  and  At  each  step  also,  the  magnitude  of  the  current 

at  the  same  time  all  the  currents  are  shifted  one  In  the  rearmost  energy  store  is  checked  and  when  It 

r  stage,  l.e. ,  I2  Is  replaced  by  Ij,  I3  by  t2,  t4  goes  negative,  that  store  Is  "removed"  by  reducing 

t3,  etc.  and  li  Is  set  equal  to  tne  assmeed  Initial  the  dimensions  of  the  matrices  by  one. 

value  of  current  from  the  next  energy  store.  The 
appropriate  dimensions  of  the  matrices  are  also  In* 
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The  "Scientific  Rallgun" 

As  an  example  of  the  method,  a  simulation  has 
been  made  of  a  rallgun  for  accelerating  a  three  gram 
projectile  to  20  km/s.  The  first  point  to  note  about 
the  design  of  the  system  Is  that  constant  average 
acceleration  of  the  projectile  Is  both  desirable  and 
possible.  Since  energy  equals  force  times  distance, 
this  means  that  the  energy  stores  should  be  uniformly 
distributed.  Aiming  at  an  average  current  of  around 
37S  kA  (I)  and  assuming  a  gun  inductance  (L1)  of  0.6 
uH/m  give  a  force  on  the  projectile  of  42  kN  («0.5 
L  *  1 2 ) ,  giving  an  acceleration  to  the  projectile  of 
14  fWs‘.  Thus,  the  length  of  gun  required  to  reach 
20  km/s  is  14  m. 

The  kinetic  energy  of  the  projectile  at  exit  is 
600  kJ.  If  the  gun  were  to  be  100S  efficient,  and 
each  store  held  10  kJ  of  energy,  then  these  would 
have  to  be  spaced  0.23  meters  apart,  for  the  simula¬ 


tion  spacing  of  5  stores  per  meter  was  assuned. 

The  arc  armature  volt  drop  (MV)  is  assumed  to  be 
160  V,  the  value  that  was  observed  In  the  Canberra 
rallgun.  The  rail  resistance  (ft')  Is  taken  as  0.002 
a/m,  being  the  resistance  of  copper  rails  1.5  mm 
thick  by  13  mm  high.  The  Inductor  resistance  Is  taken 
as  0.001  a. 

The  Inductor  current,  when  fully  charged,  has 
been  taken  as  125  kA  and  with  the  10  kJ  inductor 
energy  gives  a  calculated  Inductance  of  1.28  uH. 

The  resulting  simulation  Is  shown  In  Fig.  2.  It 
has  been  assumed  that  the  projectile  Is  Injected  Into 
the  gun  breech  with  a  velocity  of  1,000  m/s.  The  over¬ 
all  efficiency  Indicated  is  70S,  598  kJ  kinetic  energy 
being  obtained  for  the  expenditure  of  850  kO  (10  kJ 
from  each  of  85  energy  stores).  The  stage  efficien¬ 
cies  rise  down  the  gun,  starting  from  around  20S  in 
the  first  few  stages  and  rising  to  84S  In  the  las 
stage. 
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Fig.  2.  Simulation  of  the  "scientific  rallgun"  showing  current  (kA)  as  a  function  of  projectile  travel  (m) 

down  the  gun.  The  upper  curve  shows  the  total  current.  The  lower  curves  (only  partially  drawn)  show 
the  currents  In  individual  energy  stores.'  The  three  gram  projectile  reaches  a  velocity  of  20  km/s  In 
the  17  m  of  gun  length. 


Fig.  3.  Simulation  of  the  "space-launch  rallgun"  showing  current  (MA)  as  a  function  of  projectile  travel  (■) 
down  the  gun.  The  curves  are  discontinuous,  the  length  from  40  m  to  4,980  m  being  omitted.  The  upper 
curve  Is  the  total  current;  the  lower  curves  show  the  currents  In  Individual  energy  stores.  The  one 
tonne  projectile  reaches  a  velocity  of  7,500  m/s  In  the  5,000  m  gun  length. 


A  simulation  has  also  been  made  of  the  accelera¬ 
tion  of  a  relatively  large  mass,  1000  kg,  to  earth 
orbit  velocity  of  7,500  m/s.  An  acceleration  of 
S00  gravities  Is  assumed  which  gives  a  required  gun 
length  of  5,700  m.  The  kinetic  energy  of  the  projec¬ 
tile  at  gun  exit  Is  28.1  GJ  which  means  that  about  5 
NJ  of  energy  must  be  delivered  to  the  projectile  each 
meter  of  travel  down  the  gun  barrel.  It  1$  assumed 
that  12  MJ  Inductors  are  distributed  along  the  gun  at 
a  spacing  of  2  m.  The  total  average  current  required 
to  give  the  assumed  acceleration  Is  4  MA. 

The  peak  inductor  currents  are  taken  as  1.5  MA, 
requiring  an  inductance  of  10.7  WH. 

In  the  absence  of  any  better  Information,  the 
arc  armature  volt  drop  Is  again  taken  as  160  V.  Ralls 
of  one  meter  high  by  three  centimeters  thick  are 
assumed  giving  a  gun  resistance  of  2  un/m.  The  coll 
inductance  has  the  same  value  as  about  20  m  of  gun, 
the  resistance  of  which  is  40  vR.  Thus,  a  reasonable 
value  to  take  for  inductor  resistance  Is  20  nil. 


The  results  of  the  simulation  are  shown  in  Fig. 3. 
The  projectile  reaches  its  desired  velocity  in  a  gun 
length  of  5000  m,  l.e.,  with  the  expenditure  of  30  GJ, 
being  2500  energy  stores  of  12  GJ  each.  Thus,  the 
overall  efficiency  is  93.8%.  Again,  the  stage  effi¬ 
ciency  starts  low  ('20%)  but  rises  rapidly  as  speed  In' 
creases  to  reach  a  value  of  98%  at  the  exit  end  of  the 
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Accelerators  of  the  type  described  above  can  only 
be  made  to  work  if  the  current  from  each  energy  store 
is  switched  into  the  gun  at  exactly  the  right  moment. 
Synchronism  with  projectile  position  is  crucial. 

There  are  many  ways  that  the  arrival  of  the  projec¬ 
tile  at  any  point  along  the  gun  can  be  detected.  One 
obvious  way  Is  to  Interrupt  a  light  beam.  There  are 
two  other  ways  In  which  projectile  passage  can  be  used 
to  provide  very  strong  signals.  The  first  Is  to  use 
the  arrival  of  the  high  pressure  plasma  of  the  arma¬ 
ture.  A  small  part  of  this  could  be  allowed  to  pass 
through  a  vent  from  the  gun  base  to  trigger  a  switch. 
Radiation  from  the  arc  might  be  used  for  the  same 
purpose.  The  second  possibility  Is  to  use  the  mag¬ 
netic  field  produced  by  the  driving  current  to  do  the 
triggering.  This  field  rises  very  fast  as  the  arma¬ 
ture  passes,  and  can  be  used  to  give  a  strong,  noise 
immune ,  signal  accurately  synchronized  with  the  arma¬ 
ture  position.5  This  signal  could  be  used  directly 
to  activate  a  switch  as  indicated  In  Fig.  4. 


Fig.  4.  Schematic  of  an  energy  store  circuit,  showing 
rallgun  R,  Inductor  I,  capacitor  C,  diode  D, 
switch  S,  and  pick-up  loop  P. 


When  the  switch  (It  can  be  an  SCR)  Is  activated,  the 
energy  In  the  capacitor  transfers  quickly  to  the  Indue 
tor.  When  the  transfer  is  completed,  the  diode  then 
effectively  removes  the  capacitor  from  the  circuit. 

The  switch  S  must  also  behave  like  a  diode  to  prevent 
current  from  flowing  In  reverse  through  the  Inductor 
after  the  latter  is  discharged. 

In  the  case  of  the  space-launch  rallgun,  the 
currents  are  sufficiently  high  that  the  use  of  solid 
state  switches  may  be  expensive.  A  possible  low 
cost  solution  may  be  to  have  the  gun's  driving  field 
do  the  switching  directly  as  shown  in  Fig.  5. 


Fig.  5.  Direct  switching  of  current  Into  a  rail  gun 
using  the  gun's  driving  field. 

It  may  be  possible  to  establish  an  arc,  carrying  the 
current  from  the  energy  store,  between  the  rails  (o'- 
electrodes  embedded  therein)  in  front  of  the  moving 
projectile,  the  arc  being  stabilized  by  suitable 
placement  of  the  current  supply  leads,  xx.  As  the 
projectile  passes,  the  arc  responds  tc  the  driving 
field  and  moves  In  behind  the  projectile  to  form 
part  of  the  armature  current.  It  may  be  possible  to 
trap  the  arc  as  shown  In  the  lower  elevation.  The 
projectile  would  then  divide  the  arc,  to  have  It  join 
the  armature  behind  the  projectile  after  It  has  passed. u 

Discussion 

The  simulations  assume  that  the  energy  stores 
consist  of  precharged  inductors  which  are  switched  In 
Instantaneously.  The  method  can  be  expanded  to  Include 
such  effects  as  the  current  rise  In  the  Inductor  which 
will  be  roughly  as  shown  by  dotted  lines  In  Fig.  2. 

Note  that  a  parameter  not  used  Is  the  capac  tor  vol¬ 
tage.  In  a  real  system  choice  of  this  would  be  made 
to  provide  appropriate  rates  of  rise  of  Inductor  cur¬ 
rents.  Increasing  capacitor  voltage  will  probably  be 
desirable  with  distance  down  the  gun. 

Decreasing  skin  depth  in  the  rails  down  the  gun 
has  not  been  Included,  and  the  assumption  of  160  V 
for  the  arc  drop  In  the  space-launch  rallgun  may  not 
be  correct. 

No  attempt  has  been  made  to  optimize  the  two 
systems  studied.  If  desired,  the  efficiency  of  the 
scientific  rallgun  will  Improve  by  using  smaller 
energy  stores  closer  together.  The  Indicated  effi¬ 
ciency  of  the  space-launch  rallgun  Is  surprisingly 
good.  However,  the  overall  efficiency  In  a  real  sys¬ 
tem  will  be  reduced  somewhat  because  the  efficiency 
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of  transfer  of  energy  from  homopolar  generators  (which 
will  be  required  as  primary  stores)  to  Inductors  Is 
lower  than  the  transfer  from  electrostatic  capacitors 
to  Inductors.  The  rallgun  space- launcher  would  seem 
to  be  a  good  candidate  for  firing  H.  Kolm's  telegraph- 
pole  atmosphere  penetrators. 13 

Conclusion 

The  outlines  presented  of  the  two  Inductively 
driven  rallgun  systems  shown  how  the  simple  parallel- 
rail  rallgun  macroparticle  accelerator  may  be  used 
to  impart  high  velocities  to  "micro-macro"  particles 
(gram-sized)  and  to  "macro-macro"  particles  (tonne¬ 
sized)  with  good  efficiency. 
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